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Abstract

The regional atmospheric chemistry and climate model REMOTE has been used to study
air pollution in Indonesia. The transport, deposition, and interactions between and relative
impacts of emissions from volcanic, anthropogenic, and biomass burning sources have
been examined.

The atmospheric loss of volcanic emissions has been shown to be dependent on meteoro-
logical conditions and the solubility in water of a given compound. The average annual
mean SO2 loss rate of the Indonesian volcanoes is 1.1 x10−5 s−1, or an e-folding rate of
approximately 1 day. This loss rate was found to vary seasonally, be poorly correlated
with wind speed, and uncorrelated with temperature or relative humidity. 53 % of the loss
of SO2 is due to conversion to SO4

2-, 42 % due to dry deposition, and 5 % due to lateral
transport away from the dominant direction of plume travel. PbCl2 was used as a repre-
sentative of highly-soluble volcanic compounds and compared with volcanic S to better
understand how the solubility of volcanic emissions influences their deposition. High con-
centrations of PbCl2 are predicted to be deposited near to the volcanoes while volcanic
S travels further away until removal from the atmosphere primarily via the wet deposi-
tion of SO4

2-. The ratio of the concentration of PbCl2 to SO2 is found to exponentially
decay at increasing distance from the volcanoes. In order to estimate the emission flux
of compounds that are not measurable by remote sensing instruments, it is the standard
experimental technique to relate remote sensing observations of SO2 flux from a volcano
to the ratio of S to other compounds measured in fumarolic emissions. Assuming that the
ratio between the concentrations of highly soluble volcanic compounds and SO2 within a
plume is equal to that observed in fumarolic gases is justified at the distances of< 30 km
where such remote sensing observations are typically made.

The interactions of ”background” anthropogenic and volcanic pollution with emissions
from the catastrophic Indonesian wildfire of 1997 were studied by conducting experi-
ments including and excluding the source of interest. It was found that the atmospheric
concentrations of O3, CO, NO2, and SO2 were all increased above the levels generated
by the fires by pollution from major cities in the region. The number of days and the
distance from the fires where O3 exceeded the Indonesian hourly air quality standard
were increased as a result of this urban pollution. O3 produced by the urban emissions
is shown to enhance the conversion of SO2 released by the fires to SO4

2-, demonstrating
that pollution from different sources are actively altering the atmospheric behavior and
lifetime of each other. Volcanic emissions had little influence on surface pollution during
the wildfires or on fire emissions.

In order to study the effects of air pollution in Indonesia under more typical conditions
than those of the extreme wildfire of 1997, the year 1999 has been examined. In this mete-
orologically normal year, anthropogenic S has been shown to be deposited above a critical
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load value of 0.4 g(S)/m2-yr in Java, northeastern Sumatra, and peninsular Malaysia. Vol-
canic S is found to be deposited below this threshold. Anthropogenic SO4

2- is calculated to
have an annual mean direct shortwave radiative forcing of -0.063 W/m2 averaged over the
model domain, and volcanic SO4

2- -0.012 W/m2. The forcing efficiency of anthropogenic
SO4

2- is found to be greater than for volcanic when averaged over ocean + land, with an-
nual mean values of -328 W/g(SO4

2-) and -293 W/g(SO4
2-) respectively. Over Java, the

anthropogenic SO4
2- forcing efficiency is greater than the volcanic due to the enhancement

of negative forcing efficiency over the ocean, as the anthropogenic sulfate is transported
over the ocean while the volcanic tends to remain on land. The forcing of the total anthro-
pogenic aerosol was calculated by assuming an external mixture of SO4

2-, organic carbon
(OC), and black carbon (BC), indicating an annual mean forcing of -0.13 W/m2 averaged
over the model domain. The total anthropogenic forcing is dominated by OC released by
biomass burning. The influence of volcanic emissions relative to anthropogenic emissions
on acid deposition and on direct radiative forcing is found to be lower in this study than
in previous studies. This is attributed to an increase in anthropogenic emissions due to
the simulation of the year 1999, as Indonesian anthropogenic emissions are increasing,
the use of modern, realistic emission inventories, including a volcanic inventory with re-
duced emissions compared to earlier assessments, and the inclusion of biomass burning
as an anthropogenic source.
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Zusammenfassung

Im Rahmen dieser Doktorarbeit wurde das regionale Rechenmodell für Atmo-
spḧarenchemie und Klima REMOTE verwendet, um die Luftverschmutzung in Indone-
sien zu untersuchen. Die Ausbreitung und Ablagerung von Emissionen aus anthropoge-
nen Quellen, Vulkanen und Biomassenverbrennung sowie deren Wechselwirkungen und
relative Einfl̈usse wurden untersucht.

Die Untersuchungen zeigen, dass der so genannte atmosphärische Verlust vulkani-
scher Aussẗoße von den herrschenden meteorologischen Verhältnissen sowie der
Wasserl̈oslichkeit der jeweiligen chemischen Komponente abhängt. Die durchschnit-
tliche Verlustrate von SO2 aus indonesischen Vulkanen liegt im Jahresmittel bei 1.1 x
10−5 s−1, was einer ”e-folding scale”, d.h. der zeit, in der die entsprechende Exponential-
funktion um einer Faktor e reduziert wird, von ungefähr einem Tag entspricht. Die Ver-
lustrate obliegt jahreszeitlichen Schwankungen, zeigt eine schwache Korrelation mit der
jeweiligen Windgeschwindigkeit und keinerlei Korrelation mit Temperatur und relativer
Feuchte. 53 % des Verlustes von SO2 ist auf Umwandlung in SO4

2- zurückzuf̈uhren, 42 %
auf trockene Ablagerung und 5 % der Emissionen breiten sich abweichend von der Haupt-
richtung der Plumes aus. Das Verhalten von PbCl2 wurde repr̈asentativ f̈ur sehr l̈osliche
vulkanische Komponenten simuliert und mit den Ergebnissen für vulkanischen Schwe-
fel verglichen, um besser zu verstehen, inwieweit die Wasserlöslichkeit vulkanischer
Gase deren Ablagerungsverteilung beeinflusst. Die Simulationen ergeben hohe PbCl2-
Konzentrationen in der unmittelbaren Nähe der Vulkane, ẅahrend sich der vulkanische
Schwefel weiter ausbreitet, bis er schließlich vornehmlich durch feuchte Ablagerung als
SO4

2- der Atmospḧare entzogen wird. Das Verhältnis von PbCl2 zu SO2 nimmt mit
der Entfernung vom Vulkan exponentiell ab. Um den Emissionsfluss der Komponenten
abzuscḧatzen, der mit Fernerkundungsinstrumenten nicht gemessen werden kann, werden
gewöhnlich fernerkundlich beobachtete SO2-Flüsse mit den in vulkanischen Fumarolen
gemessenen Verhältnissen von S zu anderen Komponenten in Beziehung gesetzt. Dabei
wird angenommen, dass das Verhältnis zwischen stark löslichen vulkanischen Kompo-
nenten zu SO2 innerhalb der Plumes dem in der Fumarole beobachteten entspricht. Nach
Erkenntnissen dieser Studie ist dies nur für Distanzen von bis zu 30 Kilometern gerecht-
fertigt, was der̈ublichen Entfernung solcher fernerkundlichen Messungen entspricht.

Die Wechselwirkungen vulkanischer und anthropogener ”Hintergrundsverschmutzung”
mit den Emissionen der katastrophalen indonesischen Waldbrände von 1997 wurden
anhand von Experimenten, in denen die jeweiligen Quellen mal eingebunden, mal
ausgenommen wurden, analysiert. Die Untersuchungen, dass die aus den Waldbränden
stammenden atmosphärischen Konzentrationen von O3, CO, NO2 und SO2 allesamt
durch die Luftverschmutzung der Ballungszentren der Region noch weiter verstärkt wur-
den. Die O3-Konzentrationen̈uberstiegen als Folge der zusätzlichen sẗadtischen Ver-
schmutzung sowohl an mehr Tagen als auch in weiterer Entfernung von den Bränden
den Luftqualiẗatsgrenzwert f̈ur Indonesien. Weiterhin zeigte sich, dass das durch urbane
Emmissionen entstandene O3 die Umwandlung von SO2 zu SO4

2- versẗarkt. Damit wurde
dargelegt, dass Verschmutzungen aus unterschiedlichen Quellen sich gegenseitig in ihrem
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Verhalten und ihrer Lebensdauer in der Atmosphäre beeinflussen. Vulkanische Emissio-
nen hatten vergleichsweise wenig Einfluss auf die oberflächennahe Verschmutzung oder
auf die Waldbrandemissionen.

Um die Auswirkungen der Luftverschmutzung in Indonesien unter gewöhnlicheren Be-
dingungen als die der extremen Waldbrände von 1997 zu untersuchen, wurde des Weit-
eren auch das Jahr 1999 simuliert. In diesem meteorologisch betrachtet normalen Jahr
zeigte sich, dass anthropogener S auf Java, im Nordosten Sumatras und auf der mala-
ysischen Halbinsel oberhalb der kritischen Belastung von 0.4 g(S)/m2-yr abgelagert
wird. Der vulkanische S hingegen̈uberschreitet diesen Grenzwert innerhalb der Sim-
ulationen nicht. Das Jahresmittel des direkten kurzwelligen Strahlungsantriebs des an-
thropogenen SO4

2- wurde über das Modellgebiet gemittelt mit -0.063 W/m2 berechnet;
für das vulkanische SO4

2- betr̈agt es -0.012 W/m2. Die Effizienz des Antriebs durch
anthropogenen SO4

2- wurde ebenfalls ḧoher als die durch vulkanischen SO4
2- berech-

net, wenn sowohl Land- als auch Meeresgebiete berücksichtigt wurden, er liegt im
Jahresmittel bei -328 W/g(SO4

2-) bzw. -293 W/g(SO4
2-). Auf Java ist die Antriebsef-

fizienz von anthropogenen SO4
2- aufgrund der verstärkten negativen Antriebseffizienzüber

den Ozeanen größer als die von vulkanischem SO4
2-, da das anthropogene SO4

2- auf das
Meer hinaus transportiert wird, ẅahrend das vulkanische SO4

2- haupts̈achlich über den
Landgebieten verbleibt. Der Antrieb des gesamten anthropogenen Aerosols wurde unter
der Annahme einer externen Mischung aus SO4

2-, organischem Kohlenstoff (OC) und
schwarzem Kohlenstoff (BC) berechnet und beträgt über das Modellgebiet gemittelt -
0.13 W/m2. Dieser anthropogene Gesamtantrieb wird von OC aus Biomassenverbren-
nung dominiert. Der Einfluss vulkanischer Emissionen auf saure Ablagerungen und den
direkten Strahlungsantrieb im Verhältnis zu den anthropogenen Emissionen fällt im Ver-
gleich zu fr̈uheren Studien geringer aus. Dies lässt sich zum einen auf ein Ansteigen der
anthropogenen Emissionen in Indonesien, welche durch die Simulationen des Jahres 1999
Berücksichtigung finden, zum anderen auf die Verwendung von modernen, realistischen
Emissionsdatenlisten - darunter ein vulkanisches Inventar mit geringeren Emissionen als
in früheren Abscḧatzungen - und die Einbeziehung von Biomassenverbrennung als an-
thropogene Verschmutzungsquelle zurückführen.
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Chapter 1

Introduction

For this dissertation, the atmospheric transport, deposition, and environmental effects of

air pollution in Indonesia has been studied with a regional atmospheric chemistry and cli-

mate model. Pollution is a significant concern in Indonesia, as over the past two decades,

rapid economic and population growth has created vast environmental damage (Resosu-

darmo, 2002, see Figure 1.1). A significant issue is the quality of air in Indonesia’s large

cities, with lead (Pb) and fine particulates1 being the main health concerns (Indonesia En-

vironment Monitor, 2003). Forest fires seasonally contribute to air pollution in Indonesia

and neighboring countries. Pollution from volcanoes is also significant in this region with

many active volcanoes.

1.1 Sources of air pollution in Indonesia

Anthropogenic emissions in large cities are the main consistent source of air pollution in

Indonesia. Sources include energy production, household and industrial use, and trans-

portation (Indonesia Environment Monitor, 2003). In addition to the Pb and fine particu-

lates mentioned above, the primary pollutants of health concern include carbon monoxide

(CO), nitrogen oxides (NOx), hydrocarbons (HC), and sulfur dioxide (SO2). Tropospheric

ozone (O3) produced by emissions of NOx is a secondary pollutant of interest. Aerosol

particles including black carbon (BC) and organic carbon (OC or primary organic carbon

(POC)) are another type of anthropogenic pollution. Secondarily produced aerosol par-

ticles include sulfate (SO4
2-) and secondary organic aerosol (SOA). Growth of emissions

of the primary pollutants is driven by an increase of motor vehicle transportation and

industry and by inefficient energy use (Shah et al., 2000).

1e.g. PM1 or PM2.5: any particulate matter with a diameter less than or equal to 1 or 2.5 microns



10

Land-clearing fires are set every year during the dry season (approximately June-October)

and are a periodic source of air pollution in Indonesia. Pollution from these fires is an-

thropogenic as it is people who set the original fires. In 1997, the normal land-clearing

fires grew into an exceptional wildfire that created an international health and economic

crisis. Gases and particles released by the fires into the atmosphere are referred to as

haze (Heil and Goldammer, 2001). The gaseous compounds include many of the same

species released by urban pollution including CO2, CO, NOx, and HC. O3 is also secon-

darily produced downwind from fires. Particulate fire emissions, the majority of which

are carbonaceous (Heil and Goldammer, 2001), are a significant aspect to haze, with the

finest particles being the greatest concern for human health. Indonesian fire emissions

are strongly influenced by the burning of peat (Langmann and Heil, 2004; Heil et al.,

2006). Peat areas are a dense concentration of organic matter, and may release up to 50

times higher emissions for a given area burnt compared with other types of vegetation

fires (Levine, 1999).

Indonesia is the region of the world with the largest number of active volcanoes with

76 of the Earth’s 539 volcanoes that have been observed erupting (Simkin and Siebert,

1994). Indonesia has continuous volcanic activity, and four-fifths of these 76 volcanoes

have erupted within the past century. The Indonesian volcanoes are also remarkably de-

structive: Indonesia has the highest number of historically recorded eruptions producing

fatalaties, damage to agricultural land, mudflows, tsunamis, and pyroclastic flows. Fortu-

nately in recent times, successful evacuations prior to volcanic emergencies have reduced

these risks to vulnerable populations in Indonesia (Simkin and Siebert, 1994).

It is important to understand the role of volcanoes in the atmosphere because volcanoes

emit high concentrations of environmentally significant compounds. Volcanic emissions

are primarily H2O, followed by CO2, SO2, HCl, and other compounds including metals

(e.g. Bardintzeff and McBirney, 2000). Volcanoes are the source of most gases in the

Earth’s atmosphere over geologic timescales (Robock, 2003), and even today, when the

concentration of climatically relevant volcanic emissions is an order of magnitude less

than that released by human activity, volcanic emissions are responsible for observable

climatic effects (Graf et al., 1997). This is because volcanic emissions generally reach

higher elevations than most anthropogenic pollutants, which enables volcanic emissions
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to remain in the atmosphere longer and travel farther away from source. The most climat-

ically significant gas emitted by volcanoes is SO2, which is readily converted into SO4
2-.

In the troposphere, SO4
2- as well as other acidic volcanic emissions such as HCl and HF

can contribute to acid rain. Volcanoes also emit heavy metals that can accumulate to high

concentrations in soils and plants.

1.2 Effects of air pollution in Indonesia

The effects of anthropogenic pollution include harm to peoples’ health, natural ecosys-

tems, and manmade materials. Lead is a dangerous toxin to people, especially children,

impacting many bodily systems, including damaging children’s cognitive development

and IQ. To address this, leaded gasoline has been phased out in Indonesia (Indonesia

Environment Monitor, 2003). Fine particulates irritate the respiratory system promoting

asthma and other diseases. SO2 and NOx irritate the lungs in their gaseous form and can

be removed from the atmosphere as ”acid deposition” that damages both natural and man-

made surfaces (Shah et al., 2000). Vegetation, including crops, can be harmed if the soil

in which they are grown is not able to neutralize the deposited acid. Acidified lakes may

become unable to provide fish habitat and buildings can corrode. Acidic aerosol particles

harm peoples’ health, especially in large urban areas where multiple types of pollution can

interact to lower tolerances. CO slows down thinking and reflexes, some hydrocarbons

are carcinogenic, and ozone can irritate the eyes, nose, and throat and hamper breathing.
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Figure 1.1 Map of Indonesia indicating pollution hotspots. Taken from Indonesia Envi-
ronment Monitor (2003).
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Volcanic emissions can produce local- and regional-scale air pollution that causes illness

and increased mortality in people, particularly by SO2 and SO4
2- (Grattan et al., 2005). The

sulfur oxides from volcanic emissions that create both chronic and acute respiratory and

eye irritations are generally less than 1µm in size and acidic. These two qualities possi-

bly interact, increasing their toxicity (Michaud et al., 2005). A very dangerous hazard is

the release of CO2 by volcanoes, which can collect in low topographic areas, displacing

air and suffocating people; this phenomenon has killed hundreds of people in Cameroon

and in Indonesia (McGee and Gerlach, 1995). Acidic volcanic gases can also kill off

vegetation that has long-term exposure to the dry deposition of dilute concentrations of

these species (Delmelle et al., 2001). The acidic volcanic gases can also dissolve in water

droplets, falling to the earth as acid rain. Trace metals released by volcanoes, such as Pb,

can accumulate in plants and lichens in the vicinity of persistently degassing volcanoes

(Monna et al., 1999). Acidic crater lakes are formed when heat and volatile species are

released by volcanoes into an overlying body of water. The lake cools and condenses sol-

uble and reactive magmatic gases including SO2, H2S, HCl, HF, and CO2 which dissolve

and accumulate in the water. Pollution events associated with the release of acidic crater

lake waters have occurred at many of the around 40 active volcanoes around the world

that contain a lake, including at the Indonesian volcanoes Patuha (Sriwana et al., 1998,

2000) and Ijen (Heikens et al., 2005).

As well as effects at the Earth’s surface, air pollution can also have influences in the atmo-

sphere. Atmospheric aerosols affect the radiative budget of the Earth-atmosphere system

via direct and indirect forcing. Direct radiative forcing is due to aerosol particles scat-

tering and absorbing solar and thermal infrared radiation, thereby modifying the Earth’s

albedo. Indirect radiative forcing results from aerosol particles changing clouds’ lifetimes

and microphysical and radiative properties. SO4
2- is capable of both direct and indirect cli-

matic forcing through the scattering of radiation from the sun and by serving as sites for

cloud formation and chemical reactions, such as ozone (O3) destruction. SO4
2- as well as

OC are associated with cooling as they are mainly scattering. BC is absorbing, hence

associated with warming, and can influence clouds by evaporating cloud droplets and by

acting as ice nuclei.
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1.3 Meteorological effects on air pollution in Indonesia

Meteorological conditions have a large impact on Indonesian air pollution. The most sig-

nificant influence is that people set land-clearing forest fires during the dry season. The

severity of the dry season is affected by El Niño Southern Oscillation (ENSO) climate

conditions. During ENSO conditions, atmospheric pressure at the surface is above nor-

mal in the western Pacific and there is reduced upward motion (Heil and Goldammer,

2001). This produces a reduction in convective activity leading to drought throughout

Southeast Asia. The El Niño of 1997-1998 was the strongest in the past 50 years, produc-

ing the worst drought conditions in Indonesia in this time period. Under these conditions,

manmade fires grew out of control to create a severe international pollution event. This

tremendous environmental disaster created health problems and even death for a signif-

icant number of people, as well as an estimated economic loss in Indonesia alone of $9

- $10 billion US dollars (Indonesia Environment Monitor, 2003). Other meteorological

conditions in addition to drought are also significant. The dominant winds carry pollu-

tion, which during the fires of 1997 created a cross-boundary problem as the pollution

was carried to Singapore and Malaysia. Strong sunlight promotes the rapid oxidation of

species to their secondary products while heavy rainfall washes water soluble species out

of the atmosphere quickly. Outside of the dry season, many pollutants do not travel far

from their source region.

1.4 Geologic setting of Indonesia

Indonesia is an archipelago of more than 13,000 islands. 76 % of Indonesia’s volcanoes

are part of the 3,000 km long Sunda Arc, stretching from northwest Sumatra to the Banda

Sea (Simkin and Siebert, 1994, Figure 1.2). This portion of the arc is due to the subduction

of the Australia plate beneath the Eurasia Plate. Subduction parameters are not consistent

along the entire arc. Oblique subduction (55◦) under Sumatra transitions along a volcanic

belt called the Sunda Straits (where Krakatau is located) to the near frontal subduction

(13◦) observed under Java (Mandeville et al., 1996). The Banda Arc to the east of the

Sunda Arc is produced by the subduction of the Pacific Plate beneath the Eurasia Plate.

To the north of the Banda Arc, the Molucca Sea Plate is being subducted beneath both the
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Sangihe Arc to the west and the Halmahera Arc to the east. The convergence of these two

arcs is forming a large collisional complex with primarily N-S oriented trenches (Clor

et al., 2005).

Banda Arc

Sunda Arc

Sangihe Arc

Java

Kalim antan
Halmahera

Arc

Molucca Sea Plate

Sunda Straits Sulawesi

Figure 1.2 Simplified tectonic map of Indonesia. Modified from http://volcano.und.edu
which was simplified from Lee and Lawver (1995).

1.5 Model

The atmospheric chemistry and climate model used for this dissertation is the REgional

MOdel with Tracer Extension ”REMOTE” (Langmann, 2000). This online model calcu-

lates meteorological conditions using the physics of the regional climate model REMO 5.0

(Jacob, 2001) together with the transport and tropospheric chemical reactions of 63 tracer

species. Tracers can be transported by horizontal and vertical advection (Smolarkiewitz,

1983), convective up- and down-draft (Tiedtke, 1989), and vertical diffusion (Mellor

and Yamada, 1974). Trace species can undergo chemical decay in the atmosphere or

can be removed from the atmosphere by wet and dry deposition or transport out of the

model boundaries. 158 gasphase reactions from the RADM II photochemical mechanism

(Stockwell et al., 1990) are included. 43 longer-lived chemical species are transported

between gridboxes and 20 are calculated but too short-lived to be transported. REMOTE

was applied with 20 vertical layers of increasing thickness between the Earth’s surface and

the 10 hPa pressure level (approximately 23 km). Analysis data of weather observations
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from the European Centre for Medium-Range Weather Forecasts (ECMWF) were used

as boundary conditions every 6 hours. The physical and chemical state of the atmosphere

was calculated every 5 minutes. For the first study (Chapter 3), background concentra-

tions of 39 species (Chang et al., 1987) were specified at the lateral model boundaries.

For the latter two studies (Chapters 4 and 5) results from a global chemical transport

model (MOZART; Horowitz et al., 2003) simulation (Granier et al., 2003) were used as

chemical concentration boundary conditions every 6 hours for 14 chemical species and

the other species were specified as for the first study. The simulations were performed at

a horizontal resolution of0.5◦ (approximately 55 km).

1.6 Objectives and outline of this study

This dissertation is focused on using regional atmospheric chemistry and climate model-

ing to better understand the atmospheric transport, deposition, and environmental influ-

ences of air pollution in Indonesia with an emphasis on volcanic emissions. As one of the

largest uncertainties in constraining the impacts of emissions is knowledge of how much

is being emitted, the first step in this project was to develop a reasonable volcanic SO2

emission inventory (Chapter 2). Utilizing this inventory, three complementary modeling

studies have been performed for the meteorologically normal years 1985 and 1999 and

the extreme ENSO year 1997 described in Section 1.3. The first study examines the influ-

ence of meteorological conditions on the loss rate of volcanic SO2 from the atmosphere as

well as the significance of compound solubility in relating remote sensing measurements

of SO2 to other, more soluble, volcanic emissions (Chapter 3). This has been published in

the journal Atmospheric Chemistry and Physics (Pfeffer et al., 2006a). The second study

examines the role of anthropogenic and volcanic emissions in enhancing the effects of

the 1997 Indonesian wildfire pollution event, one of the largest environmental disasters of

the last century (Chapter 4). This work has been submitted to the Journal of Geophysical

Research- Atmospheres (Pfeffer et al., 2007). The third study examines the relative ef-

fects of volcanic and anthropogenic emissions on acid deposition and on direct shortwave

radiative forcing by aerosols (Chapter 5). The final chapter of this dissertation provides a

summary of the main results of the three studies and an outlook for future research about

volcanic air pollution (Chapter 6).
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Chapter 2

An inventory of Indonesian volcanic emissions

Despite the significant role of volcanoes within the Earth’s climate system, volcanic emis-

sions have been included until now in global and regional climate models in a general,

imprecise fashion. One reason it is difficult to realistically incorporate volcanic emis-

sions into climate models is because it is hard to establish reasonable inventories for such

emissions. Volcanic emissions are variable in composition and flux rate between different

tectonic settings, between different volcanoes in the same tectonic setting, and over short

(hours and days) and long (months and years) time scales at each individual volcano.

Plume mixing and chemistry is dependent not only on the volcanic emissions but also on

meteorological conditions and geographic characteristics. As it is impractical to monitor

the emissions of all volcanoes continuously, it is necessary to extrapolate results from the

relatively few measurements that are performed.

When one considers volcanic emissions, major eruptions are the first image to come to

mind. Most volcanic emissions, however, are released due to continuous, non-eruptive

volcanic degassing, with 99 % of volcanic SO2 released continuously and only 1 % re-

leased during sporadic eruptions (Andres and Kasgnoc, 1998). Most research into the

climatic impacts of volcanic emissions has focused on violent stratosphere-reaching erup-

tions. This emphasis has been largely due to the difficulties in observing the less dramatic

emissions of passively degassing volcanoes, whereas the large atmospheric perturbations

of eruptions can be observed via satellite imagery (Carn and Bluth, 2003). The develop-

ment of lightweight ground-based remote-sensing techniques has created new opportuni-

ties for studying the local and regional influences of degassing volcanoes (McGonigle and

Oppenheimer, 2003; Galle et al., 2002).

There are three general methods used to calculate the amount of emissions released by

volcanoes: 1) petrologic estimates whereby the difference in concentration of volatiles in
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melt inclusions and coexisting matrix glass is assumed to be a minimum estimate of de-

gassing for one eruptive event (e.g. Scaillet et al., 2003) 2) direct measurements whereby

SO2 (and sometimes other species) emission fluxes are measured using remote-sensing

instruments (e.g. Stoiber et al., 1983); and 3) satellite observations of relatively large

eruptive events providing information on emission concentrations and plume height (e.g.

Watson et al., 2004). Such measurements have been performed on relatively few volca-

noes and rarely over a significant length of time, but are extrapolated to other, unstudied

volcanoes and over time so as to generate estimates of global volcanic emissions. This

extrapolation produces a large degree of uncertainty in estimates of global volcanic sulfur

emissions, for example: Berresheim and Jaeschke (1983) estimated 7.6 x 1012 g SO2/yr,

Andres and Kasgnoc (1998) estimated 10.4 x 1012 g SO2/yr, and Graf et al. (1997) esti-

mated 14.0 x 1012 g SO2/yr released by volcanoes.

Most ground-based remote sensing studies of volcanic emissions thus far have focused

on SO2 because SO2 within a volcanic plume is typically orders of magnitude greater

in concentration than what is found in background ambient air. Until recently, the cor-

relation spectroscopy (COSPEC) instrument (Barringer Research Inc., Canada) was the

only inexpensive, portable, and easy to use tool for measuring emissions of SO2 and NO2

from industrial and volcanic plumes. In order to calculate the flux rates of other species

within a volcanic plume, it has been standard procedure to measure the flux rate of SO2

using COSPEC, to measure the ratio of sulfur to other compounds in collected fumarolic

samples, to assume that these ratios remain constant within the plume from the time the

emissions are released until the plume is measured, and to then calculate the correspond-

ing flux rate of the species in question.

In recent years, development of new instruments with the portability and robustness of

the COSPEC capable of measuring other species of interest in addition to SO2 have

been developed. Amongst this state of the art arsenal are open-path Fourier-transform

infrared spectroscopy (FTIRS) and miniature multi-axis differential-optical-absorption

spectroscopy (mini-MAX-DOAS). Mini-MAX-DOAS can provide gas-flux measure-

ments with high time resolution, can be used to estimate plume speed, and performs

simultaneous measurements of SO2, BrO, ClO, and OClO using 2-dimensional plume to-

mography techniques. Open-path FTIRS is a powerful remote-sensing tool that has been
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increasingly used to measure gas emissions in the troposphere from volcanoes including

SO2, HCl, and HF. Improvements in satellite imaging have also made it possible to ob-

serve weaker plumes. These technological improvements are providing more information

about volcanic-emission fluxes than has been available ever before.

2.1 Flux rates of Indonesian volcanic emissions

The rate at which pollutants are emitted is very important for determining their environ-

mental impacts. The amount of gas produced by a volcano is dependent on the type

of magma and the type of activity, varying widely in time and from one volcano to

another (Bardintzeff and McBirney, 2000). In the published literature, the SO2 flux of

five mildly erupting and passively degassing Indonesian volcanoes have been measured

using COSPEC. Potentially stratosphere-reaching eruptive plumes have been observed

with TOMS for four volcanoes and of tropospheric eruptions for two others. The petro-

logic method has been used to calculate the SO2 emissions of four large eruptions (Ta-

ble 2.1). For the few Indonesian volcanoes whose SO2 flux rates for passive degassing

and small eruptions (the source of most volcanic emissions; categories C-E in Table 2.1)

have been measured, this ranges from 0.005 - 0.24 Tg SO2/year, while the relatively rare

stratospheric- reaching eruptions (categories A-B) released from 0.2 - 58 Tg SO2.

2.2 Compositions of Indonesian volcanic emissions

The compositions of emissions being released are also important in determining their

potential environmental effects. Emission compositions provide clues about the activity

level of the volcano, give information about the original magma composition, and can be

used to learn about subduction processes. The compositions of volcanic gases are also im-

portant to measure as the ratio of gases collected in fumarolic samples are used to estimate

the flux rates of compounds not measured directly. There are very few measurements of
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Table 2.1 Measured Indonesian volcano SO2 emissions

Activity SO2 emissions SO2 flux rate
Method Volcano Date level (Tg) (Tg/yr)

Petrologic

Tambora1 10 - 11 Apr. 1815 A 53-58
Krakatau2 20 May - 21 Oct. 1883 A 5.5
Agung3 18 Feb. 1963 - 27 Jan. 1964 A 2.5
Galunggung4 5 Apr. 1982 - 8 Jan. 1983 B 0.2

TOMS

Colo8 23 Jul. 1983 B 0.2
Soputan8 24 May 1984 B 0.2
Banda Api8 9 May 1988 B 0.2
Makian8 17 Jul. 1988 C 0.05
Kelut8 11 Feb. 1990 C < 0.05
Galunggung8 24 Jun. 1982 B 0.4
Galunggung8 13 Jul. 1982 B 0.4
Galunggung8 5 Apr. - 19 Sep. 1982 B 1.7

COSPEC

Galunggung5 Aug. 1982 - Jan. 1983 E 0.4
Galunggung7 B 0.24
Merapi6 1987 - 1993 C 0.04
Slamet6 Jul. 1991 D 0.02
Merapi7 C 0.05
Tangkubanparahu7 C 0.03
Slamet7 C 0.02
Bromo
(Tengger Caldera)7 C 0.005

A: Stratosphere-reaching eruption
B: Possible stratosphere-reaching eruption
C: Tropospheric eruption
D: Post-eruptive degassing
E: Between explosions degassing

1Self et al. (2004)
2Mandeville et al. (1998)
3Self and King (1996)
4de Hoog et al. (2001)
5Bluth et al. (1994)
6Nho et al. (1996)
7Andres and Kasgnoc (1998)
8Bluth et al. (1997)
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the compositions of Indonesian volcanic gas emissions. Of 99 volcanoes active within

recorded history in the Indonesian region, only 13 have had at least one measurement

of fumarolic gas composition performed (Figure 2.1). By subregion, there have been no

analyses performed on volcanoes of the Andaman Islands, Sumatra, or on the Halmahera

Arc. Some measurements have been performed on volcanoes of Java, the Sunda Arc,

the Banda Arc, Sulawesi, the Sangihe Arc, and Krakatau (Table 2.2; see Figure 1.2 in

Chapter 1 for a map showing the different regions).

Active Indonesian volcanoes

Ambang
Soputan

Lokon
Ruang

Awu

Banda Api

DamarLewotoloIjen
Merapi

Krakatau Tangkubanperahu

Papandayan

Fumarolic gas measurements not performed

Fumarolic gas measurements performed

Active Indonesian volcanoes

Ambang
Soputan

Lokon
Ruang

Awu

Banda Api

DamarLewotoloIjen
Merapi

Krakatau Tangkubanperahu

Papandayan

Fumarolic gas measurements not performed

Fumarolic gas measurements performed

Fumarolic gas measurements not performed

Fumarolic gas measurements performed

Figure 2.1 Indonesian volcanoes active within recorded history that have not had at least
one fumarolic gas composition measurement performed (blue diamonds) and
have had (orange squares). Only those volcanoes that have had measurements
are labeled by name.

2.3 Inventory of Indonesian volcanic emissions

There are very few measurements of the emission flux rates of the Indonesian volca-

noes (Section 2.1). In order to incorporate volcanic emissions into modeling studies in as

realistic a manner as possible, two inventories have been developed for this work: a ”max-

imum” emission estimate and a ”realistic” emission estimate. The inventories were estab-

lished considering all of the eruptive and passive degassing volcanic activity in Indonesia

over the past century so as to remove some of the high natural short-term variability in

volcanic eruption frequency. From 1900 to 1993, 63 volcanoes in Indonesia are known to

have erupted and 32 additional volcanoes have degassed passively, for a total sum of 95
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Table 2.2 Measured Indonesian fumarolic gas compositions∗

Region Volcano H2O CO2 SO2 H2S HCl HF N2 H2 CH4

Krakatau Krakatau1 990 2.5 7 0.01 2 0.2 0

Java Papandayan2 992 7.4 0.2 8.6 4.81 0.03
Tangkubanperahu2 993 4.3 0.19 2.78 1.75 7.6 4.81 0.03
Merapi1,3 929 48.2 5.7 5.6 2.0 0.1 2.5 7.3 0.1
Ijen (Kawa Ijen)4 880 106.4 3.2 8.4 2.3 0.01 0.23 0.01 0

Sunda Arc Lewotolo5 762 126 82.3 9.5 1.13 0.41 16.75 1.83

Banda Arc Banda Api5 952 44 1.5 2.8 0.45
Damar (Wurlali)5 869 112 8.7 9.25 3.1 0.005 2.52 0.06

Sulawesi Ambang6 990 8.83 0.69 0.09 0 0.05 0 0
Soputan6 997 0.65 0.01 0.11 0 1.72 5x10−5 3.4x10−4

Lokon-Empung6 995 4.3 0.25 0.43 0.04 0 0.04 0.04 0

Sangihe Arc Ruang6 997 2.61 0.14 0.39 0.16 0 0.02 0.06 0
Awu6 998 1.83 0.02 0.01 0.13 0 0.29 0 1.2x10−4

∗Gas compositions are given in mmol/mol
1Allard (1983)
2Giggenbach et al. (2001)
3Le Guern et al. (1982)
4Delmelle et al. (2000)
5Poorter et al. (1991)
6Clor et al. (2005)

active volcanoes, compared with the 99 volcanoes that have been active in Indonesia in re-

cent history (Simkin and Siebert, 1994). The inventories established for this work contain

both continuous and sporadic volcanic emissions. Continuous emissions include passive

degassing as well as long-lasting diffusive eruptive emissions while sporadic emissions

include short-lived eruptions (typically stronger than continuously erupted emissions).

For both the maximum and realistic emission estimates, the sporadic eruptive volcanic

emissions were calculated using the Simkin and Siebert (1994) catalog of volcanic ac-

tivity. Simkin and Siebert (1994) provide a compilation of the best known estimates of

the date and eruption strength for all of the known volcanic activity on Earth. Every

recorded eruption has been assigned a volcanic explosivity index (VEI) strength which
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is an indicator of the strength of a volcanic event (Newhall and Self, 1982). All of the

eruptions recorded in the catalog during the last century (1900–1993) for each active In-

donesian volcano were summed. An index estimating the amount of SO2 released due to

each VEI class has been developed by Schnetzler et al. (1997), the volcanic sulfur index

“VSI”. This index bases the amount of sulfur released by arc volcanos for each VEI class

based on 54 eruptions that have been observed with TOMS. This index is best suited for

eruptions≥ VEI 4, because TOMS is best at observing large eruptions. Halmer et al.

(2002) have proposed a “modified VSI” which is essentially a doubling of the values sug-

gested by Schnetzler et al. (1997), because Halmer et al. (2002) found that Schnetzler

et al. (1997)’s values underestimated the amount of SO2 released by smaller eruptions

observed with COSPEC. Halmer et al. (2002), unfortunately, do not provide any of the

primary COSPEC measurement data that they used to make this doubling, giving the im-

pression that this doubling is arbitrary. As the VSI proposed by Schnetzler et al. (1997)

is based on the quantity of SO2 observed and reported for eruptions, we find this esti-

mate to be more sound, and have chosen to apply it in favor of the alternative offered by

Halmer et al. (2002). The total number of eruptions of each VEI class was multiplied by

the maximum amount of SO2 released by arc volcanoes suggested by the VSI. The SO2

flux resulting from this multiplication was then divided by the 93 years of the record to

generate an annual mean emission estimate. These calculations indicate 290 Gg SO2/yr

released sporadically by the Indonesian volcanoes.

The technique used to estimate the continuous volcanic emissions differed for the max-

imum and realistic emission estimates. The maximum continuous emissions were taken

from Nho et al. (1996) as this work provides the maximum published estimate of SO2

emissions from the Indonesian volcanoes (Table 2.3: 1600 Gg SO2/yr released non-

eruptively; 1900 Gg SO2/yr eruptively; for a sum of 3500 Gg SO2/yr continuous emis-

sions). For the realistic emission estimate, the continuous emissions were calculated by

assuming that 60 % of volcanic emissions are eruptive and 40 % are passive, following

Halmer et al. (2002) (passive emissions being assumed to contain all of the continuous
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Table 2.3 Estimates of Indonesian volcanic emissions

Emission style SO2 flux (Gg/yr) Reference

continuous (non-eruptive) 120 Hilton et al. (2002)
continuous (non-eruptive) 210 Spiro et al. (1992)
continuous (non-eruptive) 1600 Nho et al. (1996)
continuous (eruptive) 1900 Nho et al. (1996)
continuous + sporadic (eruptive + non-eruptive) 2100–2600 Halmer et al. (2002)

continuous (eruptive + non-eruptive) 3500 used in this study∗

sporadic (eruptive) 290 calculated for this study
continuous + sporadic (eruptive + non-eruptive) 3790 this study “maximum” estimate
continuous + sporadic (eruptive + non-eruptive) 484 this study “realistic” estimate

∗sum from Nho et al. (1996)

emissions). This results in an assessment of 194 Gg SO2/yr released continuously by the

Indonesian volcanoes in the realistic inventory. The continuous emissions were divided

evenly amongst the 95 active volcanoes. This is the most reasonable assumption we could

make, despite the fact that emission rates of volcanoes are highly variable in time and

between different volcanoes, because only a few of the active Indonesian volcanoes have

published SO2 flux measurements. It would have been less reasonable to have scaled the

emission flux estimates for individual volcanoes based on the small number of available

measurements for the active volcanoes. The division of the continuous emissions between

all of the active volcanoes results in a mean continuous SO2 flux of 37 Gg SO2/yr for each

volcano for the maximum estimate, and 2 Gg SO2/yr for each volcano for the realistic

estimate.

For the maximum estimate, a sum of sporadic and continuous volcanic emissions of about

3800 Gg SO2/yr is found, and for the realistic estimate, about 480 Gg SO2/yr (Figure 2.2).

The estimated emission fluxes for the individual volcanoes correspond reasonably well

with SO2 flux measurements of Indonesian volcanoes (Table 2.4).
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Figure 2.2 Emission inventory of the annual sum of continuous (eruptive + passive) and
sporadic (eruptive) volcanic SO2 emissions for the maximum and realistic
emission inventories.

In order for this emission inventory to be included in atmospheric chemistry and climate

modeling experiments, the emissions of each individual volcano can be released into the

model layer at the actual height of each volcano. The elevations of the volcanoes range

from 200 m (Riang Kotang) to 3805 m (Kerinci).
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Table 2.4 SO2 emissions from individual Indonesian volcanoes

SO2 flux from SO2 flux from SO2 flux from
maximum estimate realistic estimate measurements

Volcano (Gg/yr) (Gg/yr) (Gg/yr)
Bromo 47.4 12.6 5.1a

(Tengger Caldera)
Galunggung 47.7 12.9 140.5b

240.9a

Merapi 55.6 20.8 36.5c

51.1a

73.0d

Slamet 45.4 10.6 21.2e

Tangkubanparahu 37.5 2.8 27.4a

aAndres and Kasgnoc (1998)
bBluth et al. (1994)
cDir. Volc. & Geol. Haz. Mit. of Indonesia (2005)
dLe Guern (1982)
eNho et al. (1996)
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Chapter 3

Atmospheric transport and deposition of Indonesian volcanic emissions

Abstract

A regional climate model has been used to study the transport and deposition of sulfur
(SO2 and SO4

2-) and PbCl2 emissions from Indonesian volcanoes. The sensitivity of the
atmospheric loss of these trace species to meteorological conditions and their solubility
was examined. Two experiments were conducted: 1) volcanic sulfur released as primarily
SO2 and subject to transport, deposition, and oxidation to SO4

2-; and 2) PbCl2 released
as an infinitely soluble passive tracer subject to only transport and deposition. The first
experiment was used to calculate SO2 loss rates from each active Indonesian volcano pro-
ducing an annual mean loss rate for all volcanoes of 1.1 x10−5 s−1, or an e-folding rate
of approximately 1 day. SO2 loss rate was found to vary seasonally, be poorly correlated
with wind speed, and uncorrelated with temperature or relative humidity. The variability
of SO2 loss rates is found to be correlated with the variability of wind speeds, suggest-
ing that it is much more difficult to establish a “typical” SO2 loss rate for volcanoes that
are exposed to changeable winds. Within an average distance of 70 km away from the
active Indonesian volcanoes, 53 % of SO2 loss is due to conversion to SO4

2-, 42 % due
to dry deposition, and 5 % due to lateral transport away from the dominant direction of
plume travel. The solubility of volcanic emissions in water is shown to influence their
atmospheric transport and deposition. High concentrations of PbCl2 are predicted to be
deposited near to the volcanoes while volcanic S travels further away until removal from
the atmosphere primarily via the wet deposition of H2SO4. The ratio of the concentration
of PbCl2 to SO2 is found to exponentially decay at increasing distance from the volcanoes.
The more rapid removal of highly soluble species should be considered when observing
SO2 in an aged plume and relating this concentration to other volcanic species. An as-
sumption that the ratio between the concentrations of highly soluble volcanic compounds
and SO2 within a plume is equal to that observed in fumarolic gases is reasonable at small
distances from the volcanic vent, but will result in an underestimation of the emission flux
of highly soluble species.
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3.1 Introduction

Volcanic emissions can have significant environmental effects on local, regional, and

global scales depending on how far the emissions are transported away from source prior

to deposition. The impacts of volcanic emissions on the environment are defined by

several variable characteristics, such as their chemical and physical properties (includ-

ing solubility and particle size) (Mather et al., 2003), as well as environmental factors,

i.e. volcano latitude, the maximum height at which emissions are injected (Halmer and

Schmincke, 2003), wind speed, and precipitation.

Volcanic emissions can be released continuously by passive degassing or mild eruptions

and can be released sporadically by more violent, and short-lived, eruptions. Violent erup-

tions can inject volcanic emissions past the tropopause with generally at least one to two

stratosphere-reaching eruptions per year (Simkin, 1993; Bluth et al., 1997). Stratosphere-

reaching eruption clouds can cause global surface cooling for months up to a few years by

sulfate aerosol (SO4
2-) backscattering of incoming shortwave solar radiation (e.g. Textor

et al., 2003). It was calculated by Andres and Kasgnoc (1998) that only 1 % of vol-

canic SO2 is released sporadically, while 99 % is released continuously. Continuous,

tropospheric emissions are rapidly deposited locally and regionally but can have a sig-

nificant atmospheric impact because they are supplied for long periods of time, and be-

cause volcanoes are often at elevations above the planetary boundary layer, allowing those

emissions to remain in the troposphere longer than, for example, most anthropogenic S

emissions. As an example of the relative significance of non-eruptive volcanic degassing,

such sources may be responsible for 24 % of the total annual mean direct radiative top-

of-atmosphere forcing (Graf et al., 1997).

Volcanic emissions are primarily H2O, followed by CO2, SO2, HCl, and other compounds

(e.g. Bardintzeff and McBirney, 2000). Some volcanic compounds are particularly envi-

ronmentally important because they are released in extremely small quantities by other

sources. For example, volcanoes may be responsible for 11 % of the total global emis-

sions of Cr, and species including Hg, Ni, Cu, and As each contribute more than 5 %

(Nriagu, 1989; Mather et al., 2003). Considering the volcanic contribution to natural

(non-anthropogenic) emissions, species including Cd, Ni, Hg, and Pb contribute more
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than 15 % to the global natural emissions of each. SO2 has been the most monitored

volcanic emission because the concentration of SO2 within a volcanic plume is typically

orders of magnitude greater in concentration than what is found in background ambient

air. For the past few decades the majority of volcanic SO2 observations have been per-

formed with the Correlation Spectrometer (COSPEC), which measures the flux of emitted

SO2 (e.g. Stoiber et al., 1983). The (relatively) large number of published measurements

of volcanic SO2 fluxes is a useful tool for assessing the impact of volcanoes on the atmo-

sphere because SO2 is an environmentally important gas. SO2 is readily converted, within

days, to SO4
2- aerosol which is climatically significant and is a main component of acid

rain.

In addition to ground-based remote sensing (including COSPEC), fumarolic gas sampling

and plume particle sampling (e.g. Pfeffer et al., 2006b) have contributed to an improved

understanding of the variations in time and between different volcanoes of emission com-

positions and strengths and, to a lesser extent, about processes occurring within volcanic

plumes. There are, however, limitations to what can be accomplished in the field. For

example, ground-based remote sensing measurements of volcanic SO2 fluxes over time at

one volcano can be used to observe changes in volcanic activity as an eruption prediction

tool in conjunction with other volcano monitoring techniques (for example at Montserrat;

Young et al., 2003). Remote sensing instruments can detect changes in SO2 emissions,

but cannot determine unambiguously if the observed variations are due to changes in the

volcano itself or to changing meteorological conditions.

Because SO2 flux rates are the most abundant volcanic emission measurements, such

observations have been used to extrapolate to other, unmeasured volcanic compounds:

“X”. This is done by relating the observed concentration of SO2 in the plume to the ratio

of “X” to total S (SO2 + H2S) found in fumarolic gases or condensates. In fumarolic gases,

S is found as primarily SO2 and H2S, and it is assumed that all S is oxidized immediately

upon exposure to air to be found as SO2. The method of relating “X” to SO2 assumes that

the ratio of the concentrations of “X” to SO2 remains constant from the time the emissions

are released until the plume is measured. This technique has been used, for example, to

estimate the annual flux of metals from volcanoes (Hinkley et al., 1999) and to constrain

the flux balances of elements at subduction zones (Hilton et al., 2002). The assumption
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of a steady ratio of [X]/[SO2] remains a subject of uncertainty, however. Pyle and Mather

(2003), for example, have shown that [Hg]/[SO2] ratios can vary by an order of magnitude

dependent on the type of volcanic activity (passively degassing vs. explosively erupting).

The ratio of [X]/[SO2] can vary not only dependent on the type of volcanic activity, but

can also vary in time if the two species are removed at different rates from the plume. As

remote sensing measurements of SO2 flux using COSPEC are performed at distances of

up to 30 km away from volcanic craters (for example at Mt. Etna, Weibring et al., 2002),

it is important to constrain how reasonable it is to relate observations of SO2 in an aged

volcanic plume to more soluble compounds.

A field study examining the influence of variable meteorological factors on volcanic sul-

fur was performed by Fujita et al. (2003). They observed that the wet deposition of SO4
2-

and the percentage of sulfur deposited as SO4
2- increased with increasing precipitation.

McGonigle et al. (2004) attempted to determine what meteorological parameters are the

most important for influencing the loss of SO2 from volcanic plumes by performing re-

peated scans of SO2 column concentration using ground-based differential optical absorp-

tion spectroscopy (DOAS). They measured the plume of Masaya volcano for several days

during the dry season and found that time of day (i.e. insolation strength), relative humid-

ity, and temperature had no significant impact on the measured SO2 flux rate. We have

addressed the question of the influence of meteorological conditions on volcanic plume

SO2 loss using an atmospheric chemistry model. We have exploited this technique to hold

the modeled volcanic emissions constant, thus removing the inherent natural variability of

volcanic emission rates. This enables us to study what variations in atmospheric transport

are due to changing atmospheric conditions rather than due to changes in the volcanic

activity. The modeling technique also allows us to study a much longer time period (1

year), consider different seasons, and to perform statistical comparisons between the SO2

loss rate and the varying meteorological conditions. Modeling also enables us to calculate

what portion of SO2 lost from the volcanic plume is due to the different loss mechanisms:

oxidation, deposition, or transport out of the plume, as well as to consider volcanic emis-

sions additional to SO2. This paper describes a regional atmospheric chemistry modeling

study that has been performed to address two questions: 1) How do variable meteoro-

logical conditions influence volcanic SO2 concentration in the atmosphere and SO2 loss
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rates? and 2) How do the transport and deposition patterns of highly soluble volcanic

compounds relate to SO2? This study has been performed over Indonesia because this is

the region of the world with the largest number of historically active volcanoes and the

region has a relatively continuous emission history with 4/5 of the volcanoes with dated

eruptions having erupted here during the past century (Simkin and Siebert, 1994).

3.2 Experimental setup

The regional atmospheric chemistry model REMOTE (Regional Model with Tracer Ex-

tension Langmann, 2000) has been used to simulate meteorological conditions for the

year 1985, a climatologically “normal” year, i.e. neither “El Niño” nor “La Niña”. RE-

MOTE combines the physics of the regional climate model REMO 5.0 with tropospheric

chemical equations for 63 chemical species. The physical and dynamical equations in

the model (Jacob, 2001) are based on the regional weather model EM/DM of the Ger-

man Weather Service (Majewski, 1991) and include parameterizations from the global

ECHAM 4 model (Roeckner et al., 1996). The chemical tracer transport mechanisms in-

clude horizontal and vertical advection (Smolarkiewitz, 1983), convective up- and down-

draft (Tiedtke, 1989), and vertical diffusion (Mellor and Yamada, 1974). Trace species

can undergo chemical decay in the atmosphere or can be removed from the atmosphere

by wet and dry deposition or transport out of the model boundaries. Dry deposition is de-

pendent on friction velocities and ground level atmospheric stability (Wesley, 1989). Wet

deposition is dependent on precipitation rate, mean cloud water concentration, and com-

pound solubility (Walcek and Taylor, 1986). 158 gasphase reactions from the RADM II

photochemical mechanism (Stockwell et al., 1990) are included. 43 longer-lived chemi-

cal species are treated as predicted species and 20 shorter-lived ones as diagnosed species.

Within the model, sulfate can be produced by the gas phase oxidation of SO2 by OH. or

the aqueous phase oxidation of SO2 via five chemical reactions: by H2O2, O3, peroxy-

acetic acid (PAA), methylhydrogenperoxide (MHP), or via catalysis by Fe3+ or Mn2+ (see

Walcek and Taylor, 1986, and references therein).

The model was applied with 20 vertical layers of increasing thickness between the Earth’s

surface and the 10 hPa pressure level (approximately 23 km). Analysis data of weather
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observations from the European Centre for Medium-Range Weather Forecasts (ECMWF)

were used as boundary conditions every 6 hours. The physical and chemical state of the

atmosphere was calculated every 5 minutes. Background concentrations of 39 species

(Chang et al., 1987), including SO2, SO4
2-, O3, and H2O2, were specified at the lateral

model boundaries. The model domain covers Indonesia and Northern Australia (91 ◦ E

- 141 ◦ E; 19 ◦ S - 8 ◦ N) with a horizontal resolution of0.5◦ (approximately 53 km in

longitude and 55 km in latitude) with 101 grid points in longitude and 55 grid points in

latitude.

3.2.1 Emission inventory

An annual inventory was established to represent maximum potential volcanic emissions

within the modeled region of Indonesia (Figure 3.1). Over the past century, from 1900 to

1993, 63 volcanoes in Indonesia are known to have erupted and 32 additional volcanoes

have degassed passively, for a total sum of 95 active volcanoes (Simkin and Siebert, 1994).

The inventory established for this work contains both continuous and sporadic volcanic

emissions. Continuous emissions include passive degassing as well as long-lasting diffu-

sive eruptive emissions while sporadic emissions include short-lived eruptions (typically

stronger than continuously erupted emissions). Continuous emissions were taken from

Nho et al. (1996) as this work provides the maximum published estimate of SO2 emis-

sions from the Indonesian volcanoes (Table 3.1: 1600 Gg SO2/yr released non-eruptively;

1900 Gg SO2/yr eruptively; for a sum of 3500 Gg SO2/yr continuous emissions (which is

equivalent to 1750 Gg (S)/yr)). The continuous emissions were divided evenly amongst

the 95 active volcanoes. This is the most reasonable assumption we could make, despite

the fact that emission rates of volcanoes are highly variable in time and between different

volcanoes, because only a few of the active Indonesian volcanoes have published SO2 flux

measurements. It would have been less reasonable to have scaled the emission flux esti-

mates for individual volcanoes based on the small number of available measurements for

the active volcanoes. The division of the continuous emissions between all of the active

volcanoes results in a mean continuous SO2 flux of 36.8 Gg SO2/yr (100 Mg SO2/day) for

each volcano.
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Table 3.1 Estimates of Indonesian volcanic emissions

Emission style SO2 flux (Gg/yr) Reference

continuous (non-eruptive) 120 Hilton et al. (2002)
continuous (non-eruptive) 210 Spiro et al. (1992)
continuous (non-eruptive) 1600 Nho et al. (1996)
continuous (eruptive) 1900 Nho et al. (1996)
continuous (eruptive 3500 sum from Nho et al. (1996)
+ non-eruptive) used in this study
sporadic (eruptive) 290 calculated for this study
continuous + sporadic 2100–2600 Halmer et al. (2002)
(eruptive + non-eruptive)
continuous + sporadic 3790 this study
(eruptive + non-eruptive)

An estimate of the sporadic eruptive volcanic emissions for the region was established for

this work using the Simkin and Siebert (1994) catalog of volcanic activity. Simkin and

Siebert (1994) provide a compilation of the best known estimates of the date and erup-

tion strength for all of the known volcanic activity on Earth. Each volcanic eruption is

assigned a volcanic explosivity index (VEI) strength which is an indicator of the explo-

siveness of a volcanic event (Newhall and Self, 1982). All of the eruptions recorded in

the catalog during the last century (1900–1993) for each active Indonesian volcano were

summed to assemble the sporadic emission inventory. Indexes estimating the amount of

SO2 released due to each VEI class have been developed by Schnetzler et al. (1997), the

volcanic sulfur index “VSI”, and by Halmer et al. (2002), the “modified VSI”. In this

study, we have applied the VSI. The total number of eruptions of each VEI class was

multiplied by the maximum amount of SO2 released by arc volcanoes suggested by the

VSI. The SO2 flux resulting from this multiplication was then divided by the 93 years

of the record to generate an annual mean emission estimate. Averaging over 93 years

removes some of the high natural short-term variability of volcanic activity. These calcu-

lations indicate 290 Gg SO2/yr released sporadically by the Indonesian volcanoes– a sum

of sporadic and continuous volcanic emissions of 3800 Gg SO2/yr (which is equivalent to

1900 Gg (S)/yr). The estimated emission fluxes for the individual volcanoes correspond

reasonably well with SO2 flux measurements of Indonesian volcanoes (Table 3.2).

The emissions of each individual volcano were released into the model layer at the actual
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Figure 3.1 Emission inventory of the annual sum of continuous (eruptive + passive) and
sporadic (eruptive) volcanic SO2 emissions.

height of each volcano. The elevations of the volcanoes range from 200 m (Riang Kotang)

to 3805 m (Kerinci) corresponding to the first 12 model levels.

3.2.2 Experiments

Two experiments were performed: a) “S Experiment”– volcanic S was released as pri-

marily SO2 that underwent oxidation to SO4
2- following the major tropospheric chemi-

cal reactions and b) “PbCl2 Experiment”– PbCl2 released as an infinitely soluble passive

tracer. The “S Experiment” was conducted to observe the transport and deposition pat-

terns of volcanic S: SO2 + SO4
2-. The volcanic emissions were released into the model

as 96 % SO2 and 4 % SO4
2-. The assumption of an initial presence of some sulfate at the

source to account for immediate oxidation processes is common in atmospheric chem-

istry modeling (e.g. Stier et al., 2005). Calculations have been performed on the results

of the “S Experiment” to determine atmospheric SO2 loss rates from the volcanic plumes.

SO2 loss rate is a function of the concentration of SO2 at two locations within a volcanic

plume, the distance between these two locations, and the time of travel from the first to the

second location. The calculations have been performed in order to replicate the analysis of

field measurements of tropospheric SO2 loss rates at individual volcanoes (Oppenheimer
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Table 3.2 SO2 emissions from individual Indonesian volcanoes

SO2 flux from SO2 flux from
emission inventory measurements

Volcano (Gg/yr) (Gg/yr)

Bromo (Tengger Caldera) 47.4 5.1a

Galunggung 47.7 140.5b

240.9a

Merapi 55.6 36.5c

51.1a

73.0d

Slamet 45.4 21.2e

Tangkubanparahu 37.5 27.4a

aAndres and Kasgnoc (1998)
bBluth et al. (1994)
cDir. Volc. & Geol. Haz. Mit. of Indonesia (2005)
dLe Guern (1982)
eNho et al. (1996)

et al., 1998).

SO2 loss rate from the model results was calculated as follows: over a given time period

(year or season), the mean wind direction of each gridbox containing a volcano ”V” was

used to define which of the 8 surrounding gridboxes in the horizontal directions the SO2

was most likely to be transported to: ”V+1”. This was repeated a second time to define

the gridbox “V+2”, a distance of 55 - 200 km (average 120 km) away from the volcano.

The mean column burden, or the total mass per area of the given species contained in the

entire atmospheric vertical column (up to the top of the model, 10 hPa), of SO2 at ”V”

and ”V+2” were then related following first order kinetics (Equation 3.1).
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Φt1 = Φt2e
k1(t2−t1) (3.1)

where:

Φ = Column burden at given time[kg/m2]

t2 − t1 = time to be transported from location 1 to 2[s]

k1 = SO2 loss rate[s−1]

The mean wind speed and distance between the two gridboxes were used to calculate

the amount of time for transport from ”V” to ”V+2”. The result of the calculation is the

yearly or seasonal mean SO2 loss rate “k1” for each volcano. Column burden of SO2 was

used in this calculation as opposed to single model level concentrations, as this is a more

accurate representation of the data that is obtained by ground-based COSPEC. For some

volcanoes, the SO2 loss rate calculation resulted in a negative or null value. A negative

value indicates an increase in the concentration of SO2 at “V+2” compared with “V”.

This can occur when “V+2” contains SO2 released or transported into the grid box from

another volcano. A null value can occur when the wind direction is so variable that the

emissions are predicted in the first step to be transported away from the grid box “V” and

in the second step returned to it, for a net distance of 0. In both of these situations, the

calculated SO2 loss rates have been excluded from further consideration.

The “PbCl2 Experiment” was conducted to observe the transport and deposition pattern

of PbCl2, a highly soluble compound released by volcanoes in relatively large concentra-

tions (e.g. Delmelle, 2003). As PbCl2 is not among the chemicals originally included in

REMOTE, we included PbCl2 in the model as an infinitely soluble passive tracer. PbCl2

(solubility = 0.99 g/100 cc ; Lide and Frederikse, 1993) is very soluble, and not in-

finitely soluble, so the modeling assumption of infinite solubility will lead to a slight

over-prediction of the solubility of PbCl2. The PbCl2 is released as a passive tracer, and

as such it is transported in the atmosphere and is removed from the atmosphere by wet

and dry deposition processes, but it does not react to form other chemical species. The

emission inventory was established for volcanic SO2, so to calculate a corresponding
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Table 3.3 Pb/S ratios in Indonesian volcanic gases

Volcano Pb/S (µg/g) Reference

Merapi 420 Nho et al. (1996)
Merapi 35 Symonds et al. (1987)
Papandayan 280 Nho et al. (1996)
Mean 245 the average of the above measurements

was applied in this study
Global mean 190 Hinkley et al. (1999)

emission flux of PbCl2 the emissions have been scaled to the ratio of Pb to S in Indone-

sian fumarolic gases (Table 3.3), which may produce an underestimation of the flux of the

volcanic PbCl2, as described earlier.

3.3 Results

The results of the “S Experiment” are presented first, followed by the SO2 loss rates

that have been calculated from these results. The results of the “PbCl2 Experiment” are

presented last.

3.3.1 ”S Experiment” and calculated SO2 loss rates

The modeled atmospheric distribution of volcanic S species is shown as annual mean col-

umn burden in Figure 3.2 as a) SO2, b) SO4
2-, and c) total volcanic S (SO2 + SO4

2-). The

atmospheric concentration of SO2 is much higher than that of SO4
2-, and dominates the

sum of the two. The annual mean column burden of SO2 ranges from 1.5 - 10 kg (S)/km2

and SO4
2- from 0 - 1.5 kg (S)/km2. Qualitatively, both SO2 and SO4

2- show the highest

concentrations near to the volcanoes, while away from the volcanoes the concentration

decreases, with the dominant transport away from the volcanoes towards the east. Rel-

atively high atmospheric concentrations of the S species are also seen at the northern

boundaries of the figures. This is a result of the concentrations of SO2 and SO4
2- defined

at the boundaries of the model domain to represent input from pollution from outside the
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modeled region and is not a result of the transport of volcanic S.
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Figure 3.2 Annual mean vertical column burden of(a) SO2, (b) SO4
2-, and(c) total S:

SO2+SO4
2- for the “S Experiment”.

Volcanic S deposition is presented as a) the annual sum of the dry SO2 deposition, b)

dry + wet SO4
2- deposition, and c) the total volcanic S deposition as the sum of the two

(Figure 3.3). More than 99 % of SO4
2- is deposited via wet deposition, so only the total

SO4
2- deposition is shown. SO2 is dry deposited in large concentrations close to the volca-

noes, up to 3 Mg (S)/km2, but with almost no deposition away from the volcanoes. SO4
2-,

in comparison, has a maximum annual deposition of only up to 1.25 Mg (S)/km2, with

much more significant deposition away from the volcanoes. 83 % of the volcanic S is

deposited as SO4
2-. There is an average annual sum of deposition over the entire modeled

region of 45.6 kg (S)/km2 SO2 and 219.6 kg (S)/km2 SO4
2-.

The SO2 loss rates calculated from the model results (3.2 x 10−7 − 4.1 x 10−5s−1)
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Figure 3.3 Annual sum of the(a) dry SO2 deposition,(b) dry + wet SO4
2- deposition, and

(c) total S: dry SO2 + dry + wet SO4
2- deposition for the “S Experiment”.

agree well in magnitude with SO2 loss rates measured at individual volcanoes in other

parts of the world (1.9 x 10−7 - 5.4 x 10−3s−1) (Figure 3.4) (Oppenheimer et al., 1998).

Modeled SO2 loss rates (yellow squares) are plotted against the actual height of each

volcano and measured SO2 loss rates from Oppenheimer et al. (1998) are plotted against

the observed plume height. There is a large variability in SO2 loss rates measured at

different volcanoes, and at Mt. Etna alone, SO2 loss rates have been observed to vary

over 3 orders of magnitude.

Figure 3.5 shows a box plot of the bin wind speed over 1 m/s intervals plotted against SO2

loss rates. The lower edge of the box represents the 25th percentile value and the upper

edge the 75th. The height of each box shows the interquartile range for each bin and is

an indicator of the variability of the values. The line across the box indicates the median
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Figure 3.4 Modeled and measured SO2 loss rates.

(50th percentile). Four outlayer values are shown as open circles and three extreme values

as stars. The correlation between windspeed and SO2 loss rate is weak but statistically

significant (p < 0.01; R2 = 0.2). There is a general trend of increasing wind speed

associated with increased SO2 loss rates as well as an increase in the variability of the

SO2 loss rates. Temperature and relative humidity, in contrast, demonstrate trivial and

non-significant (R2 < 0.02) correlation with SO2 loss rate. It was relevant to look

for a correlation with temperature and relative humidity because these meteorological

parameters influence the pathways of SO2 to SO4
2- formation as well as precipitation,

which influences removal processes.

SO2 loss rates have been calculated for each month and season based on the monsoonal

winds: north monsoon (December - March); April/May intermonsoon (April - May);

south monsoon (June - September); and October/November intermonsoon (October -

November). The north monsoon is distinguished by winds blowing predominantly from

China, the south monsoon by winds blowing predominantly from the Indian Ocean and

Australia, and the intermonsoon seasons are distinguished by weak and variable direction

winds. SO2 loss rates as a function of season are shown as a box plot in Figure 3.6 with

seasonal SO2 loss rates as green boxes and mean ground-level wind speeds as orange

diamonds. Three outlayer values are shown as open circles and one extreme value as a

star. The only seasons with outlayers and extreme values are the two monsoon seasons.
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Figure 3.5 Annual mean SO2 loss rates for each modeled volcano plotted against the
annual mean wind speed at the height of each volcano.

Excluding the outlayers and extremes, winter has the lowest variability and spring the

highest. The mean seasonal SO2 loss rates for all volcanoes vary between9.7 x 10−6s−1

(April/May) and 1.3 x 10−5s−1 (south monsoon). A greater variability is demonstrated

between individual volcanoes than between the seasonal means averaged over all of the

volcanoes. The only season with a significantly higher mean SO2 loss rate is the south

monsoon, which is distinguished by the strongest wind speed.

Loss of volcanic SO2 from the atmosphere can be accomplished via the dry deposition of

SO2 and by oxidation to SO4
2-. There can also be an apparent SO2 loss due to transport

outside of the measured plume (in the field) or outside of the predicted transport route (in

the calculations performed on the model results). The percentage of SO2 lost due to dry

deposition was calculated by dividing the annual mean dry deposition of SO2 for one day

by the difference in column burden of SO2 between locations “V” and “V+1”, while the

percentage of SO2 lost due to oxidation was calculated by dividing the annual mean col-

umn burden of SO4
2- in grid box “V” by the difference in column burden of SO2 between

locations “V” and “V+1”. The remaining lost SO2 was attributed to lateral transport. The

average for all volcanoes within an average of 70 km away from the volcanoes is 53 %

of SO2 loss is due to conversion to SO4
2-, 42 % to dry deposition, and 5 % due to lateral

transport. These percentages do not continue at greater distances from the volcanoes.
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Figure 3.6 Seasonal SO2 loss rates and ground level wind speeds.

Between locations “V+1” and “V+2” (an average distance of 70-120 km from the volca-

noes) the sum of the column burden of SO4
2- and the daily dry deposition of SO2 is greater

than the loss of SO2. This apparent incongruity can be explained by the transport of SO2

from other volcanoes into gridbox “V+2”. While some sulfate may be transported into

box “V+2”, the transport of sulfate is much less than that of SO2 because of sulfate’s high

solubility and tendency to be washed out of the atmosphere very quickly. Despite the fact

that the percentage loss analysis fails between boxes “V+1” and “V+2” due to SO2 from

neighboring volcanoes, we have applied the SO2 loss rate equation between points “V”

and “V+2” rather than between “V” and “V+1”. This is because there is only a small

difference in the calculated annual mean SO2 loss rate (e-folding rate of 1.3 day versus 1

day) while there is an increase of 1.5 times as many volcanoes that must be excluded from

the loss rate calculation between points “V” and “V+1” compared with between “V” and

“V+2”.

Temperature, relative humidity, and wind speed have been related to the relative percent-

age of SO2 lost due to the dry deposition of SO2, oxidation to SO4
2-, and transport outside

of the predicted plume pathway to see if there is any correlation between variations in the

meteorological conditions and the manner in which SO2 is lost. No such correlation was
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found.

3.3.2 ”PbCl2 Experiment”

The modeled atmospheric distribution of volcanic PbCl2 is shown as annual mean col-

umn burden in Figure 3.7. The annual mean column burden of PbCl2 ranges from 0 -

3 g (Pb) / km2. Atmospheric PbCl2 is found in greatest concentrations near to the vol-

canoes, with only slight easterly transport. The annual sum of the wet and dry PbCl2

deposition is shown in Figure 3.8. More than 99 % of PbCl2 is deposited via wet deposi-

tion, so only the sum of the two is presented. The PbCl2 is deposited in concentrations of

up to 2 kg (Pb) / km2 with an average annual sum of 52 g (Pb) / km2 of PbCl2 deposited

in the modeled region.

Figure 3.7 Annual mean column burden of PbCl2 for the “PbCl2 Experiment”.

Both the atmospheric burden and deposition of Pb are three orders of magnitude less than

that of S. In both experiments, deposition is relatively uniform with relation to distance

from any given volcano and not very distinctive for individual volcanoes. We attribute

this to the resolution of the model experiments and to the assumption of an even distribu-

tion of the continuous volcanic emissions between the active volcanoes. PbCl2 is rapidly

deposited very close to the volcanoes, resulting in high local concentrations and a sharp
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Figure 3.8 Annual sum of dry + wet PbCl2 deposition for the “PbCl2 Experiment”.

decline in deposition at greater distances from the volcanoes. While SO2 is calculated to

have an annual mean loss rate of1.1 x 10−5s−1, or an e-folding rate of approximately 1

day, PbCl2 is calculated to have a loss rate of5.3 x 10−5s−1, or an e-folding rate of ap-

proximately 0.2 day. SO2 is less soluble in rain than PbCl2, and has some dry deposition,

but is mostly transported away from the volcanoes prior to conversion to water-soluble

SO4
2-. Because most of the SO2 is transported and then converted to SO4

2- rather than

deposited directly as SO2, there is more S deposition at increasing distances from the vol-

canoes compared with PbCl2, creating a less steep gradient of S deposition (Figure 3.9),

and hence, the larger e-folding rate.

3.4 Discussion

We will interpret the modeling results and discuss how these results can be used to ad-

dress the two questions described above: 1) How do variable meteorological conditions

influence volcanic SO2 concentration in the atmosphere and SO2 loss rates? and 2) How

do the transport and deposition patterns of highly soluble volcanic compounds relate to

SO2? After addressing these two questions, we will consider how the volcanic emissions

may have influenced the peat forests in the region.
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Figure 3.9 Annual sum of total deposition for each modeled grid box as a function of the
distance to the nearest volcano (“PbCl2 experiment”: blue; “S experiment”:
yellow). The solid lines (corresponding colors) are the bin mean over 10 km
intervals. To show the S and Pb on the same scale, the Pb has been multiplied
by 4082, the inverse ratio of Pb / S in Indonesian fumarolic gases.

3.4.1 Meteorological influences on SO2 loss rate

The large variabilities of SO2 loss rates measured at individual volcanoes have been at-

tributed to variable atmospheric and plume conditions (Oppenheimer et al., 1998). Our

model results suggest, albeit weakly, that the meteorological condition most significantly

influencing the variability of SO2 loss rates is wind speed. The suggested relationship

between stronger winds and greater SO2 loss rates may indicate an increase in dry deposi-

tion at higher winds. Within the model, dry deposition is dependent on turbulence, which

is enhanced by stronger winds. We did not find, however, a correlation between increased

wind speed and an increased percentage of SO2 lost due to dry deposition. A simpler

explanation for the correlation between increased SO2 loss rate and increased wind speed

is that given a constant emission rate, stronger winds transport mass away from an emis-

sion source more quickly, reducing the concentration of SO2 found at a given distance

from a volcano. A relationship between stronger winds and greater variability of SO2

loss rates has been shown. The ramifications of this are that it may be more difficult to

obtain a characteristic SO2 loss rate for a volcano that is exposed to highly variable wind

conditions, as opposed to a volcano that is exposed to more constant winds.

The environmental conditions in this study are unique for Indonesia. There are a large

number of active volcanoes close to each other, potentially resulting in overlapping



46

plumes. The transport of SO2 from other volcanoes into gridboxes under consideration

produces a complication for the analysis of the SO2 loss rates. The strong year-round solar

radiation and high rainfall of Indonesia promotes the rapid oxidation of SO2 to sulfate and

the rapid deposition of sulfate. The conclusions drawn in this study about the atmospheric

loss of volcanic SO2 are only applicable to this region and should be extrapolated to other

volcanic regions cautiously. Further fieldwork-based research that considers variations in

wind speed and apparent SO2 loss rates may be able to form a more conclusive statement

about the possible correlation between wind speed and SO2 loss rates. If there is indeed

such a relationship, it may be important to consider wind speed variations when making

interpretations about changes in volcanic activity based on remote SO2 measurements.

Some variations in SO2 flux observed over time at one volcano may be due to differences

in the winds, as opposed to variations in the volcanic emissions.

3.4.2 Differences in transport and deposition patterns due to solubility

The influence of solubility on deposition patterns is illuminated by comparing the results

of the two performed experiments (Figure 3.9). The dependency of deposition rate on

solubility has implications for the accurate extrapolation of measurements of SO2 flux

in aged volcanic plumes to other compounds. The further away from a volcano such

measurements are made, the less accurate it is to assume that the concentration of volcanic

SO2 measured there has the same ratio to more soluble species as the ratio measured in

fumarolic gases.

The ratio of [PbCl2]/[SO2] in the air decreases with increasing distance from the volcanoes

as the PbCl2 is deposited (Figure 3.10). Figure 3.10 is a box plot with the same specifics

as for Figures 3.5 and 3.6. Four outlayer values are shown as open circles at location “V”.

The interquartile range increases at greater distance from the volcanoes indicating that the

variability of the [PbCl2] / [SO2] ratio is growing at greater distances from the volcanoes.

The median [PbCl2] / [SO2] ratio decreases exponentially at greater distances from the

volcanoes with the mean exponential rate of decay of the [PbCl2] / [SO2] ratio based on

these three distances beingy = 106.5e−0.002x.



47

where:

y = [PbCl2] / [SO2] (µg/g)

x = distance from volcanoes (km).
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Figure 3.10 Annual mean column burden of [PbCl2]/[SO2] for all volcanoes plotted
against the mean distance from each volcano (km) for locations “V”, “V+1”,
and “V+2”.

The mean [PbCl2] / [SO2] ratio at the three distances are: “V” = 107.7; “V+1” = 89.3;

and “V+2” = 83.2µg/g. The ratio of 107.7µg PbCl2 / g SO2 is equivalent to 160.5µg

Pb / g S. This differs from the 245µg Pb / g S defined as the ratio of Pb / S in the

primary volcanic emissions (Table 3.3) because of SO2 released by other volcanoes and

transported into gridbox “V”.

Based on this mean rate of decay, we estimate that calculations (e.g. based on COSPEC

measurements) which assume a constant [X]/[S] ratio as found in fumarolic gases will

result in a 6 % underestimation of the emission flux of highly soluble species at 30 km

distance away from a volcanic vent; at 100 km, this would grow to an 18 % underestima-

tion. Our results indicate that the assumption of a constant ratio between SO2 and other,

highly soluble species such as PbCl2 is justified at distances where COSPEC is usually

performed.
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3.4.3 Comparison between modeled S deposition and peat core samples

We have used the modeling results to examine the hypothesis proposed by Langmann

and Graf (2003) that the Indonesian volcanic emissions have had a significant influence

on the sulfur content of peat in the area. In order to assess the potential contribution of

volcanic emissions to the sulfur content of Indonesian peat, we have compared the mod-

eled S deposition with the concentration of S measured in peat core samples collected in

the modeled region. Peat can serve as a historical record of atmospheric deposition for

time periods of up to thousands of years. The peat areas of Indonesia may be particularly

useful recorders of the deposition of volcanic emissions because of the large number of

historical and modern active volcanoes in the vicinity of peat areas (Langmann and Graf,

2003). It has been suggested in several studies that anomalous, high concentrations of S

and other chemicals including Pb in peat core samples (collected outside of Indonesia)

may be due to volcanic deposition (e.g. Weiss et al., 1997; Roos-Barraclough et al., 2002;

Kylander et al., 2005). Within Indonesia, there are two main types of peat: ombroge-

nous and topogenous (Page et al., 1999). Ombrogenous peat receives nutrients only from

atmospheric deposition while topogenous peat also receives nutrients from groundwater.

Ombrogenous peat is therefore more useful for interpreting the historical deposition of

atmospheric compounds. In this work we have compiled measurement data from the lit-

erature of S in four ombrogenous peat areas in Indonesia for comparison with the modeled

S deposition (Figure 3.11; Table 3.4).

The average S of each sampled peat core was calculated by multiplying the average per-

cent S in each of the four peat sampling locations with the average peat dry bulk density

(0.18 g/cm3) given by Shimada et al. (2001). This value was multiplied by the minimum

(1.7 mm/yr) and maximum (4.3 mm/yr) peat accumulation rates provided by Supardi et al.

(1993), resulting in the presented range of values for the S deposition of each peat core.

The average % S was calculated from 3-16 samples within each peat core. Peat core sam-

ples had both total S and14C age measured, or had only total S measured and were very

close to another peat sample where14C was measured. S values from portions of the peat

cores that were dated to be less than 150 years old were not included in the average as

these S values may have been influenced by human activity.
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Figure 3.11 Peat sampling locations on a map of the fractional peat coverage of the
modeled region (after Heil et al., 2006).
1 Wüst and Bustin (2001)
2 Weiss et al. (2002)
3 Esterle and Ferm (1994)
4 Supardi et al. (1993)

A comparison between the modeled S deposition and the rate of S deposition measured

in the peat core samples reveals values with the same orders of magnitude (Table 3.4).

The potential volcanic contribution to the peat S has been calculated on the basis of what

percentage of the peat S could be attributed to the deposition of volcanic S. We find that

6 - 72 % of the S measured in the peat samples could have volcanic origin. There is a

relatively uniform concentration of volcanic S predicted to be deposited on all four peat

areas (215 - 285 kg / km2-yr). This is because of the distance between the peat areas

and the nearest volcanoes (minimum 153 km) and the relatively homogeneous modeled

deposition of S at these distances from the volcanoes. It would be helpful to be able to

compare the model results with a peat sample collected nearer to the volcanoes, but we

have not been able to obtain such a sample. We find the agreement in scale to be a strong

indication that the modeled deposition of the volcanic S is reasonable.

Our modeling results indicate that the Indonesian volcanoes have contributed slightly to

the quantitative sulfur content of peat in the region. This does not suggest that the volcanic
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Table 3.4 Comparison of modeled S deposition and peat core samples

Distance to Measured S Modeled S Volcanic
Sampling nearest volc- accumulation deposition S
location ano (km) (kg/km2-yr) (kg/km2-yr) (%)

Riau (A) 153 398–10061 285 28–72
Batanghari 160 1744–44122 264 6–15
River (B)
Tasek Bera (C) 258 796–20123 215 11–27
Sungai Seb- 396 428–10844 253 23–59
angau (D)

1Supardi et al. (1993)
2Esterle and Ferm (1994)
3Wüst and Bustin (2001)
4Weiss et al. (2002)

The letters in parenthesis refer to the sampling locations marked in Figure 3.11.

S has little qualitative contribution to the the peat’s characteristics. Sulfur cycling within

peat is complicated, and peat is not a closed system. Moore et al. (2004) have found

that approximately 75 % of anthropogenic S deposited onto peat in eastern Canada is

accumulated within the peat. This value may differ depending on the different origins of

the S, such as volcanoes, sea spray, and anthropogenic pollution, as this may dictate the

state of the deposited S. Thompson and Bottrell (1998) have demonstrated thatSphagnum,

a common peat plant in Northern latitude peat areas but not in Indonesia, preferentially

incorporates partially reduced sulfur species, and it follows that the source of deposited

S may influence how it is incorporated into Indonesian peat. Within peat, sulfur can

be reduced by bacterial activity, given off as H2S gas, and transported downwards and

laterally out of the peat dependent on the local hydrology (Novák et al., 2005). This study

cannot address how the volcanic S may have influenced the properties of the peat, and

a field study incorporating other additional tracers for volcanic activity could shed more

light on this question.



51

3.5 Conclusions

This study demonstrates that realistic modeling of volcanic emissions can lead to an im-

proved understanding of the atmospheric processes occurring in the vicinity of active

volcanoes. The results of the study show that SO2 loss rates from the plumes of the

Indonesian volcanoes are weakly correlated with wind speed and uncorrelated with rel-

ative humidity or temperature and that there is no correlation between these three me-

teorological phenomena and the relative amount of SO2 lost due to the dry deposition

of SO2, conversion to SO4
2-, or lateral transport. A relationship is demonstrated between

increased wind speed and increased variability of SO2 loss rates. We recommend that fur-

ther fieldwork-based research be conducted to explore the possible relationship between

wind speed and apparent SO2 loss rates as variations in wind speed might lead to changes

in SO2 loss rates independent of a change in the state of volcanic activity.

The solubility of the Indonesian volcanic emissions is shown to influence whether they

are deposited near to the volcanoes or transported prior to deposition. Highly soluble

species such as PbCl2 have high deposition rates near to the volcanoes while the relatively

insoluble SO2 is transported away from the volcanoes until it is oxidized to SO4
2- and then

rapidly deposited. The ratio of highly soluble species / [SO2] decreases exponentially at

greater distances from the volcanoes. Our results indicate that an assumption of a constant

ratio between highly soluble species and SO2 from the fumarole to the distances where

COSPEC is usually performed is justified at individual volcanoes. Extrapolating from

SO2 measurements to establish global inventories may, however, generate a significant

underestimation of the emission rates of highly soluble species, and the solubility effect

should be considered.
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Chapter 4

The role of anthropogenic and volcanic emissions during the 1997 Indonesian

wildfire pollution event

Abstract

We have used the regional atmospheric chemistry and climate model REMOTE to ex-
amine how ”background” anthropogenic and volcanic pollution interacted with emissions
from the catastrophic Indonesian wildfire of 1997. The model results demonstrate that
anthropogenic emissions from major cities in the region increased the atmospheric con-
centration of O3, CO, NO2, and SO2 above the levels generated by the fires. The anthro-
pogenic emissions increased the number of days and extended the distance from the fires
where O3 exceeded the Indonesian hourly air quality standard. The increased levels of
O3 due to the anthropogenic emissions enhanced the conversion of SO2 released by the
fires to SO4

2-, demonstrating that the urban pollution actively altered the atmospheric be-
havior and lifetime of the fire emissions. Under the conditions present during the wildfire,
volcanic emissions had little influence on surface pollution from the fires.



54

4.1 Introduction

Air pollution is one of Indonesia’s largest environmental problems, having a significant

impact on public health and disrupting the Indonesian economy (Aiken, 2004). Elevated

concentrations of lead, particulate matter, carbon monoxide, hydrocarbons, sulfur diox-

ide, and nitrogen dioxide are found in all large cities in the country. Motor vehicles, forest

fires, and the industrial sector are considered to be the greatest contributors to the air pol-

lution problem (Energy Information Administration). Land-clearing fires are set every

year in Indonesia during the dry season, releasing gases and particles referred to as haze

into the atmosphere. These fires are typically extinguished at the onset of the north mon-

soon rains in October-November. In 1997, however, strong El Niño conditions delayed

the onset of the rains and promoted the worst drought conditions in 50 years (Khandekar

et al., 2000), allowing the fires to burn uncontrolled for a longer time than usual. Be-

tween August and November 1997, land-clearing fires in Kalimantan and Sumatra grew

out of control into wildfires producing an environmental disaster. The El Niño conditions

also reduced convective activity in the region, preventing the emissions from the fires

from mixing upwards in the atmosphere (Heil and Goldammer, 2001). This had the effect

of generating high surface concentrations of the pollutants that were transported over a

large part of Southeast Asia. While Indonesia experienced the brunt of the pollution ef-

fects from the fires (Frankenberg et al., 2004), a multitude of transboundary health and

economic problems, significantly in Malaysia (Sastry, 2002; Khandekar et al., 2000) and

Singapore (Koe et al., 2001), were also felt. The 1997 fires and their effects have been

studied using several different methods, including stationary, balloon, and airplane mea-

surements, satellite observations, illness and mortality surveys, and numerical modelling

of atmospheric processes.

The surface and tropospheric concentrations of the fires’ emissions including particulate

matter (PM), SO2, CH4, CO, NOx, and secondarily produced O3 were enhanced within

the region for all observed pollutants (Davies and Unam, 1999; Fujiwara et al., 1999,

2000; Matsueda et al., 1999; Tsutsumi et al., 1999; Yonemura et al., 2002a,b). Even

measurements performed several hundred kilometers from the fires demonstrated signifi-

cantly elevated concentrations for all of these compounds. Ground-level observations of
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the extent of the area burned and of the dispersion of the fires’ pollution are relatively

sparse, making satellite observations of the region a very important tool. The extent of

the fires and associated haze were observed using Advanced Very High Resolution Ra-

diometer (AVHRR) data (Wooster et al., 1998; Fang and Huang, 1998). Nakajima et al.

(1999) used AVHRR data to study sulfate and carbonaceous aerosol optical thickness due

to the fires, finding that the peak enhancement occurred in October and that the smoke

from the fires was dominated by small submicron aerosol particles. The Total Ozone

Mapping Spectrometer (TOMS) was used to observe tropospheric column O3 (TCO) and

tropospheric water vapor (Chandra et al., 1998) and total atmospheric O3 (Kita et al.,

2000). TOMS indicated about 10-20 Dobson Units (DU;1 DU = 2.69 × 1016 molecules

cm−2) of increased tropospheric ozone over the Indonesian region (Chandra et al., 1998)

while ground-based measurements indicated an increase of up to 35 DU (Fujiwara et al.,

1999). By comparing AVHRR and TOMS data, Nakajima et al. (1999) suggest that sul-

fate aerosol particles may travel further from the fires than carbonaceous aerosol particles

because of the time required for SO2 released by the fires to convert to sulfate aerosol. In-

creased tropospheric column concentrations of NO2, O3, and H2CO were observed by the

Global Ozone Monitoring Experiment (GOME) during the fires (Burrows et al., 1999).

Several studies into the environmental and radiative effects of the fire emissions have been

conducted using climate and aerosol models. A global chemical transport model with a

mean climatological state rather than the actual meteorological conditions present during

the fire was used by Hauglustaine et al. (1999) to study the increase in tropospheric O3 due

to precursor species released by the fires. A global atmospheric chemistry and transport

model was applied by Chandra et al. (2002) who demonstrated a strong enhancement of

TCO over Indonesia and most of the western Pacific and a decrease in TCO in the eastern

Pacific, concluding that both the fires’ emissions and El Niño specific meteorological

conditions contributed to the O3 anomaly. Duncan et al. (2003) expanded on the work

of Chandra et al. (2002) using the same model and gaseous emissions while adding the

radiative and chemical effects of black carbon (BC) and organic carbon (OC) aerosols

from the fires in their study. A major result of this paper was that the dominant transport

mechanisms for the CO released by the fires included deep convection off the northwest

coast of Sumatra and outflow from Indonesia via easterly winds to the Indian Ocean and
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via northwesterly winds to the South Pacific Ocean. They found that the net effect of

the fires was to reduce OH and the oxidizing capacity of the troposphere and to reduce

radiative forcing at the earth’s surface, predominantly by OC and BC. Podgorny et al.

(2003) applied an aerosol optical model producing results that agree with those of Duncan

et al. (2003): that the aerosol particles released by the fires generated an enhancement in

atmospheric solar heating and a corresponding decrease in solar flux reaching the surface

over the equatorial region ranging from west of Indonesia to Papua New Guinea. A large

uncertainty in these early studies is in the emission inventory applied for the fires, in

particular the contribution of peat fires to total fire emissions. Langmann and Heil (2004)

and Heil et al. (2006) applied a regional atmospheric chemistry and climate model to

study the atmospheric concentration of particulate matter released by the fires. Their

simulations were used to resolve uncertainty about different emission scenarios in order

to better constrain how much particulate matter was released by the fires, and how much

the burning of peat forest contributed to the total pollution.

The present work is able to contribute to a better understanding of this environmental

catastrophe because we have conducted the first study of this event that applies a high-

resolution regional model including full tropospheric chemistry. We have further included

a new improved emission inventory- the RETRO emission database (Schultz et al., sub-

mitted, in prep.). In order to model the event as realistically as possible, we have also

attempted to include the natural background emissions in the region and this is the first

study to include the regionally significant volcanic emissions of SO2. The fires occurred

in an environment of increasing economic development and decreasing environmental

quality. This contributed both to the scale of the fires as well as to the levels of air pol-

lution present in the region prior to the burning season from motor vehicles and industry.

The goal of this study is to understand if the “background” anthropogenic and volcanic

pollution in the region amplified the extent or severity of the air pollution event caused by

the 1997 Indonesian wildfires.
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4.2 Experimental Setup

In this section we will describe the experiments performed for this study. First, the model

will be introduced. Then, the inventories for the anthropogenic, fire, and volcanic emis-

sions will be described. Finally, the three experiments performed for this work will be

explained.

4.2.1 Model

The regional atmospheric chemistry model REMOTE (REgional MOdel with Tracer Ex-

tension; Langmann, 2000) has been used for this study. REMOTE combines the physics

of the regional climate model REMO 5.0 with tropospheric chemical equations for 63

chemical species. The physical and dynamical equations in the model (Jacob, 2001) are

based on the regional weather model EM/DM of the German Weather Service (Majew-

ski, 1991) and include parameterizations from the global ECHAM 4 model (Roeckner

et al., 1996). The chemical tracer transport mechanisms include horizontal and vertical

advection (Smolarkiewitz, 1983), convective up- and down-draft (Tiedtke, 1989), and ver-

tical diffusion (Mellor and Yamada, 1974). Trace species can undergo chemical decay in

the atmosphere or can be removed from the atmosphere by wet and dry deposition or

transport out of the model boundaries. Dry deposition is dependent on friction velocities

and ground level atmospheric stability (Wesley, 1989). Wet deposition is dependent on

precipitation rate and mean cloud water concentration (Walcek and Taylor, 1986). 158

gasphase reactions from the RADM II photochemical mechanism (Stockwell et al., 1990)

are included. 43 longer-lived chemical species are transported between gridboxes and 20

are calculated but too short-lived to be transported.

The model was applied with 20 vertical layers of increasing thickness between the Earth’s

surface and the 10 hPa pressure level (approximately 23 km). The model domain covers

Indonesia and Northern Australia (91◦ E - 141◦ E; 19◦ S - 8◦ N) with a horizontal res-

olution of 0.5◦ (approximately 55 km). Analysis data of weather observations from the

European Centre for Medium-Range Weather Forecasts (ECMWF) were used as mete-

orological boundary conditions every 6 hours. Results from a global chemical transport
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model (MOZART; Horowitz et al., 2003) simulation for the year 1990 (Granier et al.,

2003) were used as chemical concentration boundary conditions every 6 hours for 14

chemical species including O3, CH2O, and H2O2. Background concentrations for 25

other species (Chang et al., 1987) including SO2 and SO4
2- were specified at the lateral

model boundaries. The physical and chemical state of the atmosphere was calculated

every 5 minutes.

4.2.2 Emission inventories

The emissions have been divided into three categories: anthropogenic, fire, and volcanic.

The Indonesian fires were set by people and are hence an anthropogenic source. For

the purposes of this paper, however, the fire emissions are treated as distinct from the

other anthropogenic emissions. The anthropogenic and fire emissions include 18 and 19

species, respectively, including SO2, CO, and NO2. Some of the anthropogenic species

vary monthly while others are an annual mean. The variations of the anthropogenic emis-

sions are small, and so these emissions are shown for only one month, October 1997.

All fire species vary monthly, with large variations, so the fire emissions are shown for

September, October, and November 1997. The volcanic emissions are a mean value that

do not vary monthly and include only SO2 and SO4
2-.

Anthropogenic emissions

The anthropogenic emission inventory (Table 4.1) was assembled using data available

from the Global Emissions Inventory Activity (GEIA, 2006) website. Data was included

from the RETRO emission database (Schultz et al., in prep.) and the Edgar V2.0 emis-

sion database (Olivier et al., 1996; Bouwman et al., 1997). The RETRO emissions are

available as monthly data in 0.5◦ resolution (the resolution of the model experiments). In

the RETRO emissions, a discontinuity occurs at the equator due to the change in the sea-

sons between the northern and southern hemispheres. As the equator is significant in the

domain of these model experiments, the RETRO emissions for the southern hemisphere

have been applied with the northern hemisphere seasonal cycle to avoid this discontinuity.

The data provided from the other sources are available as annual means for the year 1985
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or 1990 in 1.0◦ resolution and have been interpolated to 0.5◦ for the experiments. The In-

donesian anthropogenic emissions range from 1 - 6 % of the global total of anthropogenic

emissions.

Fire emissions

The fire emission inventory (Table 4.2) is from the RETRO emission database (Schultz

et al., submitted). The emissions (as for the anthropogenic RETRO emissions) are avail-

able as monthly data in 0.5◦ resolution. The species included within the anthropogenic

and fire inventories differ in that the fire emissions do not include higher alkanes or bu-

tane (which are oxidized in fires very quickly) while the anthropogenic emissions do not

include isoprene (which is mainly emitted by vegetation), OC, or total particulate matter

(TPM). All of the fire emission species increase dramatically in the dry season (north-

ern hemisphere autumn) compared with the wet season (northern hemisphere spring). In

September (the peak month of fire emissions), these emissions range from 62 - 95 % of

the global total of fire emissions.
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Table 4.1 Indonesian anthropogenic emissions for October 1997

Species Emissions
Gg

Oct. 1997

Acetaldehydea 22.3
Alkanesa;∗ 74.0
Aromaticsa;∗∗ 13.0
Black carbonb 43.2
Butane + Propanec 36.2
COc 2402.0
Ethanec 27.7
Ethenec 40.5
Formaldehydea 8.2
Ketonesa 8.4
NH3

d 145.8
NOc 139.0
NO2

c 8.9
Propenec 18.7
SO2

e 39.8
SO4

2-e 2.5
Toluenec 22.1
Xylenec 15.3

aEdgar V2.0; benchmark year 1990
bGEIA original inventory; benchmark year 1985; Penner et al. (1993); Dignon et al. (1994)
cRETRO
dEdgar V2.0; benchmark year 1990; Bouwman et al. (1997)
eGEIA original inventory; benchmark year 1985; Benkovitz et al. (1996)
∗Hexane and higher
∗∗Excluding benzene, toluene, xylene, methyl benzene, and trimethyl benzene
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Table 4.2 Indonesian fire emissions for September-November 1997

Species Emissions Emissions Emissions
Gg Gg Gg

Sep. 97 Oct. 97 Nov. 97

Acetaldehyde 1608.1 1329.3 448.0
Black carbon 355.4 266.2 89.8
Formaldehyde 1151.0 913.6 307.9
CO 134708.3 108791.7 36662.5
Ethane 887.1 689.7 232.0
Ethene 1994.8 1589.8 535.4
Isoprene 544.5 461.1 155.4
Ketones∗ 940.4 760.6 256.4
NH3 8408.3 7065.5 2380.7
NO2 82.6 63.9 21.6
NO 1293.5 999.6 338.1
Organic Carbon 5006.8 3970.4 1338.0
Propane 629.2 479.7 161.1
Propene 2010.3 1634.4 550.2
SO2 1960.2 1634.0 550.6
SO4

2- 122.5 102.1 34.4
Toluene 730.3 606.4 204.3
TPM 24790.8 20572.5 6935.7
Xylene 69.2 55.6 18.7

∗Acetone

Volcanic emissions

The volcanic emission inventory (Table 4.3) was established for this work to represent

“realistic” emissions, as contrasted with the ”maximum” emission estimates described

in Pfeffer et al. (2006a). This ”realistic” emission estimate takes the 290 Gg (SO2)/yr

calculated to be released eruptively in Indonesia (Pfeffer et al., 2006a), and assumes a ratio

of 60 % of emissions released eruptively to 40 % released passively as given by Halmer

et al. (2002). This results in an estimate of 194 Gg (SO2)/yr released passively by the

Indonesian volcanoes. The sum over Indonesia of passive and eruptive volcanic emissions

is 484 Gg (SO2)/yr. Estimates of Indonesian volcanic emissions from other authors are

presented in Table 4.3. The emissions of each individual volcano were released into the
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model layer at the height of each volcano, which lie within the bottom 12 model levels.

Figure 4.1 shows the total emissions from anthropogenic, fire, and volcanic sources

for SOx (SO2 + SO4
2-) and the total emissions from anthropogenic and fire sources for

NOx (NO2 + NO) and CO for February and September 1997. For all three species, the

fire emissions strongly dominate in September while they are minor in February. Because

of the severity of the fires, the total emissions are also greatly increased in September. It

can be seen that the fires in September 1997 were strongest in southern Kalimantan and

southeastern Sumatra.

Table 4.3 Estimates of Indonesian volcanic emissions

Emissions
(Gg (SO2)/yr)

Author Eruptive Non-eruptive Combined

Hilton et al. (2002) - 120 -
Spiro et al. (1992) - 210 -
Nho et al. (1996) 1900 1600 3500
Halmer et al. (2002) - - 2100-2600
Pfeffer et al. (2006a) 290 3500 3790
this study 290 194 484
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Figure 4.1 Total emissions for the sum of the anthropogenic, fire, and volcanic sources
for SOx, NOx, and CO for February and September 1997.
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4.2.3 Experiments

In order to ascertain the influence of the different emission sources to the air quality in

the region, an experiment including all emission sources and two sensitivity experiments

excluding an emission source of interest were conducted. 1) Anth-Volc-Fire– emissions

from the anthropogenic, volcanic, and fire sources were included in the model experi-

ment: this experiment should be considered the reference experiment as it is the one most

closely reflecting real conditions; 2) Volc-Fire– only emissions from the volcanic and fire

sources were included while anthropogenic emissions were excluded; and 3) Anth-Fire

– only emissions from the anthropogenic and fire sources were included while volcanic

sources were excluded. In figures, experiments Anth-Volc-Fire, Volc-Fire, and Anth-Fire

will be referred to as AVF, VF, and AF, respectively. All experiments were conducted for

the year 1997. The sulfur species, SO2 and SO4
2-, have been “marked” into four categories:

A, V, andF for the anthropogenic, volcanic, and fire emission sources, respectively, and

B for the sulfur containing species defined at the boundaries of the simulation area. This

marking allows sulfur from each source to be followed individually throughout the exper-

iments as four SO2 and four SO4
2- tracers.

4.3 Results

The mean ground level concentrations for September-November 1997 are shown for four

pollutants: SO2, NO2, CO, and O3 for the experiment Anth-Volc-Fire (Section 4.3.1).

These four compounds have been chosen because they are among the pollutants regulated

by the Indonesian government and they are active participants in tropospheric chemistry.

The subtraction of the results of experiment Volc-Fire from those of Anth-Volc-Fire gives

an indication of the relative influence of the anthropogenic pollution, and the subtraction

of the results of experiment Anth-Fire from those of Anth-Volc-Fire gives an indication

of the relative influence of the volcanic emissions (Section 4.3.2).
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4.3.1 Reference Experiment Anth-Volc-Fire

The maximum surface concentrations of SO2, NO2, CO, and O3 in September-November

1997 are found over southeastern Sumatra and southern Kalimantan (Figure 4.2): the

locations of the most intense fires. To describe where these pollutants have exceeded the

Indonesian air quality standards, these 3-month average values have been compared with

the 1-year air quality standards for SO2 (0.023 ppm; Table 4.4), NO2 (0.053 ppm), and

O3 (0.025 ppm). This will overestimate the region where the air quality standards were

exceeded, because the fires did not last a whole year. The longest standard for CO is the

24-hour standard (8.7 ppm). Comparing the 3-month average values with the 24-hour

standard will produce an underestimation of the region with exceedances of CO. Regions

with concentrations less than the air quality exceedances are plotted in blue; above in

green through red. SO2, NO2, and CO have very small regions exceeding the air quality

standards. O3 exceeds the standards in a large portion of the modelling region, with

significant exceedances extending from the fires northwestwards over much of western

Kalimantan, central Sumatra, and southern Malaysia.
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Region where measurements were made

W
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W

P

Watukosek, Indonesia

Petaling Jaya, Malaysia

SO2 NO2

CO O3

Figure 4.2 Surface concentrations of SO2, NO2, CO, and O3 averaged over September-
November 1997 for experiment Anth-Volc-Fire.

The modeled O3 from September-November 1997 has been compared with ozonesonde

measurements performed at two locations: Petaling Jaya, Malaysia and Watukosek, In-

donesia (Figure 4.3; for locations of measurements see bottom right panel of Figure 4.2;

Fujiwara et al., 2000; Yonemura et al., 2002a). Petaling Jaya is within the region that is

modeled to be affected by the fire-related O3, with surface concentrations greater than the

1-year air quality standard. At Petaling Jaya, the modeled surface O3 is approximately

3.5 times the measured. The modeled O3 becomes less than the measured above 3 km.

At Watukosek, which is far to the south of the fires and is not modeled to be affected by

down-wind transport, the measured O3 is greater than the O3 measured at Petaling Jaya.

The modeled O3 at Watukosek is less than the measured over the whole vertical profile,

while following the vertical pattern of the measured O3 quite well. The comparison of

the mean value at two locations gives only a crude estimate of the performance of the

model simulation. The modeled CO agrees with measurements (Matsueda and Inoue,

1999) better than the O3 (Figure 4.4). Measurements of CO within the model domain are
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Table 4.4 Indonesian air quality standardsa;b

Pollutant Averaging Standard
time (µg)/m3 (ppm)c

SO2

1-hour 900 0.34
24-hour 365 0.14
1-year 100 0.023

NO2

1-hour 400 0.21
24-hour 150 0.080
1-year 100 0.053

CO
1-hour 30,000 26.2
24-hour 10,000 8.7

O3
1-hour 235 0.12
1-year 50 0.025

aSyahril et al. (2002)
bFor comparison, the air quality standards of the US EPA (ppm) are: SO2 24-hour: 0.14; NO2 1-year: 0.053;
CO 1-hour: 35; O3 8-hour: 0.08

cCalculated assuming 25◦ C and 1 ATM

only available for October 20, 1997 between 1 - 7◦ N and 103 - 109.5◦ E (for locations

of measurements see bottom left panel of Figure 4.2). The modeled CO is consistently

higher than the measured.
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Figure 4.3 Vertical profiles of the average modeled (filled triangles) and measured (open
circles) O3 for September-November 1997 at Petaling Jaya, Malaysia (3.0◦ N,
101.5◦ E) and Watukosek, Indonesia (7.5◦ S, 112.6◦ E). Error bars indicate
one standard deviation. Measurements at Petaling Jaya are from Yonemura
et al. (2002a) and measurements at Watukosek are from Fujiwara et al. (2000).
Measurements at Petaling Jaya were made on 6 dates: September 15 and 25,
October 6 and 15, and November 3 and 17 and at Watukosek on 10 dates:
September 17, October 1, 9, 15, 22, and 29, and November 6, 12, 19, and 26.
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Figure 4.4 Vertical profiles of the modeled (filled triangles) and measured (open circles)
CO for October 20, 1997 between 1 - 7◦ N and 103 - 109◦ E. The model
results shown are for the horizontal gridbox and model level containing the
latitude/longitude and elevation where a sample was collected. Heights of
the measurements and model results are not equal because the model results
are presented at the mean height of the model layer. Measurements were
made using a gas chromatograph equipped with a flame ionization detector
(GC/FID) from Matsueda and Inoue (1999).
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4.3.2 Influence of anthropogenic and volcanic emissions

The influence of the anthropogenic emissions has been depicted by subtracting the sur-

face concentration of the four species of interest calculated in the experiment without

anthropogenic emissions (Volc-Fire) from the results of the reference experiment (Anth-

Volc-Fire) (Figure 4.5). Correspondingly, the influence of the volcanic emissions is found

by subtracting the results of the experiment without volcanic emissions (Anth-Fire) from

Anth-Volc-Fire (not shown). The differences of atmospheric concentrations in Figure 4.5

are about one order of magnitude less than the concentrations of Figure 4.2. All four

species have only positive values: the anthropogenic emissions produce an increase in the

atmospheric concentrations of these pollutants. The greatest increase of SO2 and NO2 is

found above Singapore, with an increase of 91 % for SO2 and 99 % for NO2 when the

anthropogenic emissions are included in the experiments. The greatest effect for CO is

above Kuala Lumpur, where the anthropogenic emissions increase the atmospheric CO by

58 % and for O3 above Jakarta by 67 %. O3 is not enhanced by the anthropogenic pol-

lution over most of Kalimantan and southeastern Sumatra, where the fire emissions were

the strongest. The influence of the volcanic emissions on these four species is not shown

because when plotted using the same scale as used for Figure 4.5, a difference in atmo-

spheric concentrations can only be seen for SO2, with the volcanic emissions contributing

SO2 primarily over Java.

4.4 Discussion

The modeled and measured O3 and CO differ by about a factor of two (Figures 4.3 and

4.4). The ozonesonde measurements are available on discrete days with very high vertical

resolution and an uncertain horizontal range of the balloon, while the model results are

recorded once every 6 hours for each of 20 vertical levels with one grid box representing

approximately 55 km horizontally. The emission data is monthly, and for several anthro-

pogenic species yearly, and will not reflect the specific conditions present on the days

measurements are performed. We have shown the modeled and measured O3 averaged
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Figure 4.5 Difference in surface concentration of SO2, NO2, CO, and O3 averaged over
September-November 1997 for experiment Anth-Volc-Fire - Volc-Fire.

over three months to try and remove some of the temporal uncertainty in the compari-

son. Comparing the modeled O3 at Watukosek with the global modeling results seen in

Figure 8 of Duncan et al. (2003), we find that our near-surface O3 is slightly less than

that of Duncan et al. (2003). A possible explanation for our underestimation of the O3

near to the surface is that we used a global MOZART simulation (Granier et al., 2003)

for the year 1990 to provide the concentrations of O3 at the boundaries of the model do-

main. In Figure 3 of Hauglustaine et al. (1999), MOZART simulations both including

and excluding the fire emissions indicate approximately 24 ppb O3 at the surface off of

the southern coast of Kalimantan. This location is closer to the fires, but still upwind,

compared with Watukosek, where we compare our modeling results with ozonesonde

measurements. Measurements of CO within our modeling domain are only available for

one date in a region slightly beyond where CO released by the fires is modeled to have

been transported, where the measured values are very low. The modeled CO follows the

vertical pattern of the measurements quite well, but is approximately double the mea-

sured. Very tentatively, the fire emissions included in this study may be overestimated, as
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two locations downwind from the fires have approximately double the concentration of O3

and CO than was measured. Another source of uncertainty is that the fire emission data

is provided as monthly means, and as such cannot account for daily variations in the fire

intensity. If may be that fire emissions were stronger on the days when sampling occurred

than the monthly average, and as such the model simulation underestimates the concen-

trations on these specific days. As in the study of Duncan et al. (2003), we find that the

fires decreased the atmospheric concentration of OH. A comparison between the modeled

tropospheric column of NO2 with GOME V2.0 observations (Global Ozone Monitoring

Experiment, 2007; Richter et al., 2005, not shown) reveals that the maximum values for

NO2 in the region are at a greater distance downwind from the fires in the GOME observa-

tions than our simulation calculates. This disparity is not due to too weak winds, as in the

upper panel of Figure 6 in Langmann and Heil (2004) it is shown that the REMOTE model

slightly overestimates the winds at Petaling Jaya during September-November 1997. It is

rather more likely that the model is removing NO2 from the atmosphere too quickly.

The highest surface concentrations of SO2, NO2, CO, and O3 in September-November

1997 were modeled to be directly above southeastern Sumatra and southern Kalimantan–

the locations of the strongest fires, with winds transporting the pollution from the south-

east to the northwest. The active Indonesian volcanoes are not downwind from the fires.

They contributed only slightly to the surface concentration of SO2 during the fires and

did not discernibly influence the concentration of the secondary pollutant O3. The anthro-

pogenic pollution was greatest above the major cities in the region: Jakarta, Singapore,

and Kuala Lumpur. Singapore and Kuala Lumpur are in the downwind path of the fire

pollution, while Jakarta is upwind. The modeled concentrations of SO2, NO2, and CO

were all highest at 7 AM (local time) as the pollutants are trapped in the nocturnal bound-

ary layer. Summing together all of the model gridboxes that exceeded the Indonesian 1-

hour air quality standards (Table 4.4) for these species at 7 AM from September through

November indicates 133, 268, and 881 exceedances, respectively. The modeled concen-

tration of O3 was highest at 1 PM due to photochemical reactions, with 9802 exceedances

of the 1-hour air quality standard at 1 PM during these three months. All exceedances of

the one-hour air quality standards occur directly above the main fires. For SO2, NO2, and

CO the exclusion of the anthropogenic pollution (experiment Anth-Volc-Fire - Volc-Fire)
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produces a minor reduction in the number of exceedances at 7 AM. For O3, however, the

exclusion of the anthropogenic pollution reduces the total sum of exceedances for these

three months by 4% (Figure 4.6). In the bottom right panel of Figure 4.5, it can be seen

that some of the changes in surface O3 due to anthropogenic emissions are due to NOx

pollution along the lines of international shipping (middle row Figure 4.1).

Figure 4.6 The number of days during September-November 1997 when the Indonesian
hourly air quality standard for O3 was exceeded at 13:00 for experiment Anth-
Volc-Fire and the difference of Anth-Volc-Fire - Volc-Fire.

As the modeling results indicate that the anthropogenic pollution increased the severity

and extent of the O3 pollution during the 1997 wildfires, the question arises: by what

means did the anthropogenic pollution produce this effect? Did the anthropogenic emis-

sions simply add to the emissions of the fires, ”bumping” the atmospheric concentrations

up above the air quality standard thresholds, or did the anthropogenic and fire emissions

react in the atmosphere? We have addressed this question from two directions, examining

if the anthropogenic emissions modified the fire emissions and if the fire emissions modi-

fied the anthropogenic emissions. In order to test if the anthropogenic emissions changed

the fire emissions, we have looked at SO2 F (the marked SO2 specifically released by the

fires).

It is shown by subtracting the SO2 F in experiment Volc-Fire from Anth-Volc-Fire (top

row Figure 4.7) that the difference of SO2 F is negative over peninsular Malaysia and Java,

near the large cities where the anthropogenic emissions are strongest, and positive above

the southeastern Sumatra fires. The difference of SO4
2- F is the reverse pattern: where

the SO2 F is negative, the SO4
2- F is positive. The anthropogenic emissions enhance the

conversion of the SO2 released by the fires to SO4
2-. This decrease in SO2 F is in contrast
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to the upper left panel in Figure 4.5 which shows an increase in the total SO2. While

the anthropogenic emissions decrease specifically SO2 F, the total SO2 is increased. The

decrease in SO2 F occurs in the same areas as where the anthropogenic emission have

increased the surface concentration of O3 (bottom right panel of Figure 4.5). The increase

of O3 by the anthropogenic emissions leads to the enhancement of the conversion of

SO2 to SO4
2-. The evidence that the secondarily produced compound O3 influences another

secondarily produced compound, SO4
2-, shows that the anthropogenic emissions are not

simply adding to the fire emissions but are changing the atmospheric lifetime of the fire

pollution.

As we looked at SO2 F to see how the anthropogenic pollution affected the fire emissions,

we have looked at SO2 A (the SO2 marked as specifically anthropogenic) to examine the

influence of the fire emissions on the anthropogenic. The subtraction of SO2 A in experi-

ment Anth-Volc from Anth-Volc-Fire (bottom row Figure 4.7) shows that the difference of

SO2 A is negative. The difference of SO4
2- A is positive above the main fires and negative

above peninsular Malaysia. The fire emissions are leading to the more rapid oxidation of

SO2 A to SO4
2- A. Above peninsular Malaysia, the SO4

2- A is then being formed in a region

with more precipitation (not shown), leading to a more rapid wash out of the SO4
2- A,

producing the negative difference of SO4
2- A.

The significance of the finding of this study that the anthropogenic emissions played a

role in the atmospheric concentration of the examined pollutants, particularly near to

major cities, lies in the transboundary pollution issue. In Quah (2002), many different

approaches are discussed for involving both Indonesia (the state where the fires occur)

and ”victim states” including Singapore and Malaysia in fire prevention and fire reduc-

tion. All of the suggested mechanisms for reducing the fire-related haze events involve

actively reducing the fires within Indonesia. This is very important, and a clear, logical

approach to prevent future environmental disasters such as occurred during the 1997 fire.

The results of this study suggest an additional approach for neighboring countries that are

adversely affected by the fire-related haze: reducing urban air pollution during high-risk

times. This may have the effect of keeping the atmospheric concentrations of dangerous

pollutants in densely populated areas below the air-quality thresholds, reducing the health

and economic consequences of the fires in major cities at a distance from the fires.
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Figure 4.7 Difference of the average surface concentration for September 1997 of SO2 F
and SO4

2- F for experiments Anth-Volc-Fire - Volc-Fire (top row) and of SO2 A
and SO4

2- A for experiments Anth-Volc-Fire - Anth-Volc (bottom row).

4.5 Conclusions

Background levels of anthropogenic emissions in southeast Asia in the northern hemi-

sphere autumn of 1997 contributed to the severity and extent of pollution from the Indone-

sian wildfires. The intensification of the pollution by the anthropogenic emissions is most

significant for O3. The increase of the atmospheric concentration of O3 enhanced the rate

of conversion of SO2 released by the fires to SO4
2-. The results of this study suggest that

reducing the levels of anthropogenic pollution in large cities including Jakarta, Singapore,

and Kuala Lumpur during high-risk times for fire-related pollution may help to prevent

health and economic disturbances. Transboundary air pollution due to extreme events is

a complicated political issue. Distinguishing the roles of different emission sources can

help in creating solutions to reduce the harmful effects of fire pollution. The minor role

of the volcanoes in this time period is indicative of the surface conditions present during

this extreme event.
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Chapter 5

The relative effects of volcanic and anthropogenic emissions on acid deposition and

direct shortwave radiative forcing over Indonesia

Abstract

The transport and deposition of air pollution in Indonesia in 1999 has been studied with
the regional atmospheric chemistry and climate model REMOTE. The acid deposition of
volcanic sulfur (S) has been shown to not exceed a critical load value of 0.4 g(S)/m2-
yr. Anthropogenic S is deposited above this threshold in Java, northeastern Sumatra, and
peninsular Malaysia. The modeled distribution of sulfate (SO4

2-), organic carbon (OC),
and black carbon (BC) have been used to calculate their direct shortwave radiative forc-
ing using an offline radiation transfer model. The forcing efficiency of anthropogenic
SO4

2- is found to be greater than for volcanic when averaged over ocean + land, with an-
nual mean values of -328 W/g(SO4

2-) and -293 W/g(SO4
2-) respectively. The total anthro-

pogenic aerosol as calculated assuming an external aerosol mixture of SO4
2- + OC + BC

is found to have an annual mean forcing of -0.13 W/m2 averaged over the model domain.
The total anthropogenic forcing is dominated by OC released by biomass burning espe-
cially during the dry season of June-October when land-clearing fires are burning. The
inclusion of biomass burning as an anthropogenic emission source changes the results for
the calculated direct radiative forcing dramatically.
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5.1 Introduction

Air pollution is a significant environmental problem in Indonesia, with increasing anthro-

pogenic emissions due to its rapidly growing population and industrial sector (Resosu-

darmo, 2002). Large-scale wildfires set by people for land-conversion can also contribute

greatly during the dry season (Heil and Goldammer, 2001). Additional sources of air pol-

lution in Indonesia are volcanoes, as this is the region of the world with the largest number

of historically active volcanoes (Simkin and Siebert, 1994). Air pollution can be harm-

ful near to the emission sources and can be transported to affect ecosystems and people

downwind. Problems on the surface include health hazards, reducing visibility, and acid

deposition. Aerosol particles can also affect the climate by changing the way radiation is

transmitted through the atmosphere. It is important to separate the environmental effects

of air pollution based on if it is anthropogenic or natural in origin. Pollution from differ-

ent sources can interact, changing their atmospheric lifetime and behavior (Pfeffer et al.,

2007, Chapter 4). Distinguishing between natural and anthropogenic sources can give us

information about the Earth during pre-industrial times and can provide suggestions for

targeted reductions of pollution or for where it is least damaging to have major sources of

pollution.

The environmental problem of acid deposition is primarily associated with the wet and

dry deposition of sulfur and nitrogen (Kuylenstierna et al., 2001). Both sulfur (emitted as

SO2) and nitrogen (emitted as NOx and NH3) can produce acidification. ”Wet deposition”

refers to deposition in acid rain, fog, snow, and other forms of precipitation and ”dry

deposition” refers to deposition in the form of acidic gases and particles. Ecosystems are

sensitive to acid deposition depending on if they are terrestrial or aquatic, the buffering

ability of their soils and parent material, and the sensitivity of organisms living within the

ecosystem to changes (Kuylenstierna et al., 2001). The ”critical load” of an ecosystem

is an estimate of its sensitivity that describes the maximum amount of pollutants that an

ecosystem can tolerate without being damaged. This critical load can be compared with

modeled sulfur and nitrogen deposition rates, and the deposition above the critical load

value can be assumed to harm the ecosystem.

Most studies of critical loads have focused on Europe and North America, however it is
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in developing countries where emissions (particularly of S) are growing (Kuylenstierna

et al., 2001). Kuylenstierna et al. (2001) developed a global map of critical loads in or-

der to study acidification in developing countries. Their model results indicate that in the

next 50 years, southern Asia, including Indonesia, is expected to have an increasing risk

of acidification. Hettelingh et al. (1995) developed a critical load map for southeast Asia,

including Indonesia, which has a low critical load, meaning it is sensitive to acid deposi-

tion. Engardt and Leong (2001) stress the importance of improved emission inventories,

performing simulations at higher resolutions, and including biomass burning and natural

emissions in order to more realistically model atmospheric S. Engardt et al. (2005) found

that anthropogenic sulfur is deposited nearer to source with less long-range transport in

Southeast Asia compared with Europe.

In addition to acid rain, the radiative forcing of aerosol pollution is an environmental

concern in Indonesia. The direct radiative effect of aerosol particles is that they scatter

and absorb solar radiation. The aerosol particles usually studied are sulfate, black carbon

(BC), organic carbon (OC), dust, and sea salt. BC is an absorbing aerosol while OC and

sulfate are dominantly scattering. These three aerosol types are mainly sub-micron in size

and have their greatest influence on radiation in the shortwave part of the solar spectrum.

In a region with multiple types of aerosol particles, the bulk aerosol properties can be

estimated assuming an external or internal aerosol mixture. An assumption of an external

mixture means that the components in a mixed aerosol are chemically pure and distinct

while an assumption of an internal mixture means the mixed aerosol is a homogeneous

combination of the chemical and physical properties of the contributing components. In

reality, a mixed aerosol is generally between these two extremes. Most models, however,

are not capable of resolving the mixing state of an aerosol and so these two extremes

are used in order to estimate the aerosol’s properties. The direct forcing of an externally

mixed aerosol is calculated by summing together the forcing of each component. Cal-

culating the forcing of an internally mixed aerosol requires many more assumptions and

produces a significantly different forcing estimate. Boucher and Anderson (1995) intro-

duced the concept of ”forcing efficiency” which is the ratio of the direct radiative forcing

of a given type of aerosol to its column burden. Forcing efficiency can vary between

different emission sources, seasonally, and due to changing meteorological conditions
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(Marmer, 2006). Previous modeling studies of the direct radiative forcing over specifi-

cally Indonesia have focused on the year 1997 (Duncan et al., 2003; Davison et al., 2004)

when tremendous wildfires dominated the air pollution emissions in the region and the

resulting radiative forcing.

In this paper, we have studied the relative effects of anthropogenic and volcanic emissions

on acid deposition and direct radiative forcing in Indonesia using a regional atmospheric

chemistry and climate model. The advantages of this work compared to previous research

include that the most up-to-date emission estimates for anthropogenic and volcanic emis-

sions have been used in the simulations. Our model utilizes full, on-line tropospheric

chemistry compared with the schemes considering only sulfur chemistry used in most

other studies and we use the relatively high resolution of 1/2◦. We have also chosen to

simulate a normal year without any extraordinary meteorological conditions or pollution

events in order to understand what is happening typically in the region.

5.2 Experimental Setup

Regional atmospheric chemistry and climate model simulations have been performed for

the year 1999, a meteorologically “normal” year , i.e. neither “El Niño” nor “La Niña”.

5.2.1 Model

The model REMOTE (REgional MOdel with Tracer Extension; Langmann, 2000) has

been used for this study. REMOTE combines the physics of the regional climate model

REMO 5.0 with tropospheric chemical equations for 63 chemical species. The physical

and dynamical equations in the model (Jacob, 2001) are based on the regional weather

model EM/DM of the German Weather Service (Majewski, 1991) and include parameter-

izations from the global ECHAM 4 and ECHAM 5 models (Roeckner et al., 1996). The

chemical tracer transport mechanisms include horizontal and vertical advection (Smo-

larkiewitz, 1983), convective up- and down-draft (Tiedtke, 1989), and vertical diffusion

(Mellor and Yamada, 1974). Trace species can undergo chemical reactions in the atmo-

sphere or can be removed from the atmosphere by wet and dry deposition or transport out
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of the model boundaries. Dry deposition is dependent on friction velocities and ground

level atmospheric stability (Wesley, 1989). Wet deposition is dependent on precipitation

rate and mean cloud water concentration (Walcek and Taylor, 1986). 158 gasphase reac-

tions from the RADM II photochemical mechanism (Stockwell et al., 1990) are included.

43 longer-lived chemical species are transported between gridboxes and 20 are calculated

but too short-lived to be transported.

The model was applied with 20 vertical layers of increasing thickness between the Earth’s

surface and the 10 hPa pressure level (approximately 23 km). The model domain covers

Indonesia and Northern Australia (91◦ E - 141◦ E; 19◦ S - 8◦ N) with a horizontal res-

olution of 0.5◦ (approximately 55 km). Analysis data of weather observations from the

European Centre for Medium-Range Weather Forecasts (ECMWF) were used as mete-

orological boundary conditions every 6 hours. Results from a global chemical transport

model (MOZART; Horowitz et al., 2003) simulation for the year 1990 (Granier et al.,

2003) were used as chemical concentration boundary conditions every 6 hours for 14

chemical species including O3, CH2O, and H2O2. Background concentrations for 25

other species (Chang et al., 1987) including SO2 and SO4
2- were specified at the lateral

model boundaries. The physical and chemical state of the atmosphere was calculated

every 5 minutes.

5.2.2 Emissions

Volcanic and anthropogenic emissions are released as two separate categories (Table 5.1).

The volcanic emissions are the same as in Pfeffer et al. (2007) (Chapter 4; as in Chapter 2):

a ”realistic” emission estimate averaged over the past century. These emissions are tem-

porally constant and include only SO2 and SO4
2-. The anthropogenic emissions are from

urban and biomass burning sources for 20 species including SO2, CO, and NO2. These

emissions have been assembled from four sources: RETRO V1.2 anthropogenic (Schultz

et al., in prep.), RETRO V1.2 vegetation fires (Schultz et al., submitted), AEROCOM

B-2000 (Dentener et al., 2006), and Edgar V2.0 (Bouwman et al., 1997). The RETRO

emissions are available as monthly data for 1999, the AEROCOM emissions are for the

benchmark year 2000, and the Edgar emissions are for the benchmark year 1990. The



82

volcanic SOx emissions are approximately 11 % of the total SOx emissions; the anthro-

pogenic approximately 88 %. The volcanic emissions were released into the model layer

at the height of each volcano, which lie within the bottom 12 model levels (up to about

4 km). The anthropogenic emissions were released into the lowest model level.

Table 5.1 Annual mean emissions of selected species for 1999

Species Anthropogenic Volcanic
Emissions Emissions

SOx
1 3769a;b 484c

NOx
2 3394b;d —

NH3
3 1750e —

Black Carbon (BC)3 308a;b —
Organic Carbon (OC)3 998b —

1SOx: SO2 + SO4
2-; Gg (SO2)/yr

2NOx: NO2 + NO; Gg (NO2)/yr
3Gg (species)/yr
aAEROCOM; benchmark year 2000; Dentener et al. (2006)
bRETRO vegetation fires; Schultz et al. (submitted)
cPfeffer et al. (2007); Chapter 2
dRETRO anthropogenic; Schultz et al. (in prep.)
eEdgar V2.0; benchmark year 1990; Bouwman et al. (1997)

5.2.3 Experiments

In order to determine the influence of the volcanic and anthropogenic emission sources on

the acid deposition and aerosol loading in the region, two different techniques have been

applied. The first technique relies on subtracting a sensitivity experiment where an emis-

sion source was excluded from a reference experiment where all emission sources were

included. To this end, two experiments have been conducted: 1) Reference– emissions

from the anthropogenic and volcanic sources were included in the model experiment;

and 2) Volc – only volcanic emissions were included while anthropogenic sources were

excluded. In order to determine the influence of the anthropogenic emissions on the de-

position of a given species, for example HNO3, the deposition of HNO3 calculated by
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experiment Volc [HNO3]V has been subtracted from the reference experiment [HNO3]R.

Anthropogenic HNO3 calculated in this way will be referred to as [HNO3]A and this nota-

tion will be used for all species calculated in this fashion. BC and OC are only emitted by

anthropogenic sources and do not have defined background concentrations, so the values

for the [BC]R and [OC]R calculated in the reference experiment will be used to examine

these species. The second technique applies only to the sulfur species, SO2 and SO4
2-.

These species have been individually “marked” into three categories:A, V, andB for an-

thropogenic, volcanic, and background sources. This marking allows sulfur from each

source to be followed individually throughout the experiments from its emission as pri-

marily SO2 to its oxidation to SO4
2- and/or deposition. In order to determine the influence

of the volcanic and anthropogenic emissions on the deposition of SO4
2-, the [SO4

2- V] and

[SO4
2- A] calculated by the reference experiment will be examined.

5.2.4 Radiative forcing

The direct radiative short wave forcing at the top of the atmosphere (TOA) of sulfate,

black carbon, and organic carbon aerosols was calculated using an Off-line Radiation

Transfer Model (ORTM) described by Langmann et al. (1998) and Marmer (2006). The

direct forcing is calculated based on the aerosol mass distribution and meteorological

conditions provided by the REMOTE model simulations. The shortwave part of the solar

spectrum, 0.2-5µm subdivided into 18 wavelength intervals, is considered. Optical prop-

erties of the dry aerosols are determined from Mie theory calculations. The modification

of aerosol specific extinction due to relative humidity of the ambient air is considered

using an approximation adapted from the data given by Nemesure et al. (1995). ”All sky”

conditions were applied, meaning that the presence of clouds was considered. The di-

rect radiative forcing of the total anthropogenic aerosol was calculated assuming that the

[SO4
2- A], [BC]R, and [OC]R were externally mixed and will be referred to as ”externally

mixedA”.
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5.3 Results

The comparison of the modeling results with measurements is presented first. Second, re-

sults relating to acid deposition in the modeled region are shown, followed by the modeled

aerosol concentrations and calculated direct shortwave radiative forcing.

5.3.1 Comparison between model results and measurements

The results of the reference simulation have been compared with measurements from the

Tropical Rainfall Measuring Mission (TRMM), Acid Deposition Monitoring Network in

East Asia (EANET), World Data Centre for Greenhouse Gases (WDCGG), and Malaysian

Meteorological Department (MMD) (Figure 5.1). With the exception of the TRMM satel-

lite precipitation data which is available over the entire model domain, the measurements

are station measurements which are being compared with the ground-level model gridbox

containing the latitude/longitude of each sampling site. The modeled precipitation is sig-

nificantly overestimated, particularly over the ocean, compared with the TRMM satellite

observations (Figure 5.2). Over the entire modeling domain, the modeled precipitation

is approximately double that observed by satellite. The simulated rainfall is much more

consistent with the satellite observations over land (Figure 5.3). The modeled monthly ac-

cumulated precipitation compares reasonably well with that measured at three land-based

sites, with a relatively consistent bias towards too much modeled precipitation (top row

Figure 5.4). The annual pattern of precipitation is followed very well for Tanah Rata and

Petaling Jaya, where the modeled precipitation is approximately 100 mm/month greater

than the measured. The annual pattern for Serpong is not simulated well, and the modeled

precipitation is much higher than the measured during the southern hemisphere summer.

The comparison of the wet deposition of [HNO3]R and [H2SO4]R in the middle and bot-

tom panel of Figure 5.4 shows little variation between the modeled deposition at these

three sites while the measurements demonstrate greater variation. The modeled deposi-

tion generally lies within the envelope described by the deposition measured at the three

sites. The greatest inconsistency lies at Petaling Jaya, a heavily polluted site. The mea-

sured wet deposition of both species is much higher for most of the year than the other
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Surface concentration of SO2, NO2,

NH3, and H2SO4

Remote
Tanah Rata, Malaysia

(4 N, 101 E)

Surface concentration of SO2 and

NO2

Remote
Bukit Koto Tabang, Indonesia

(0 S, 100 E)

Monthly accumulated rainfall and 

wet deposition of HNO3 and H2SO4

Remote
Tanah Rata, Malaysia

(4 N, 101 E)

Monthly accumulated rainfall and 

wet deposition of HNO3 and H2SO4

Urban
Petaling Jaya, Malaysia

(3 N, 101.5 E)

Surface concentration of SO2 and

NO2

Urban
Petaling Jaya, Malaysia

(3 N, 101.5 E)
MMD

Surface concentration of SO2 and

NO2

Urban
Jakarta, Indonesia

(6 S, 107 E)
WDCGG

Monthly accumulated rainfall and 

wet deposition of HNO3 and H2SO4

Industrial suburb
Serpong, Indonesia

(6 S, 106.5 E)

EANET

Monthly accumulated rainfall-----Model domainTRMM

MeasurementLocation typeLocationSource

Jakarta

Serpong

Bukit Koto Tabang

Tanah Rata

Petaling Jaya

Sumatra
Kalimantan

Java

Sulawesi

Peninsular Malaysia

Figure 5.1 Summary of the measurement data used for comparison with the reference
model simulation.

sampling sites, while the model does not reproduce this. This can be the result of releas-

ing the emissions of a city into a grid box of approximately 50 km in size, diluting the

urban emissions and dampening the difference between urban areas and their less polluted

surroundings. The scatter-plot of the wet deposition of [HNO3]R shows a random differ-

ence between the model and the measurements, while the model tends to wet deposit too

much [H2SO4]R when the concentrations are low and too little when the concentrations

are higher. This is another way of looking at how the model has less variation in the wet

deposition of the H2SO4 than the measurements.

The measured surface concentrations of [SO2]R and [NO2]R are much higher at the urban
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Figure 5.2 Annual sum of precipitation for 1999 for REMOTE (left panel) and Tropical
Rainfall Measuring Mission (2007) satellite observations (right panel).
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Figure 5.3 Area mean monthly total precipitation over the modeling domain (91 ◦ E -
141 ◦ E; 19 ◦ S -8 ◦ N) for 1999. REMOTE and TRMM satellite observations
over ’ocean + land’ and ’land only’.

sites Jakarta and Petaling Jaya than at the remote sites Tanah Rata and Bukit Koto Tabang

(top and middle rows of Figure 5.5). The modeled [SO2]R is much higher than the mea-

surements at Jakarta, much lower at Petaling Jaya, and reasonable for the remote sites.

The modeled [NO2]R is much lower for the polluted sites and reasonable for the remote

sites. At Tanah Rata (bottom left panel of Figure 5.5), the simulated [HNO3]R agrees very

well with the measurements while [NH3]R is generally too low except in August.
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Figure 5.4 Monthly precipitation, wet deposition of HNO3, and wet deposition of H2SO4

at Serpong, Indonesia (red), Petaling Jaya, Malaysia (purple), and Tanah Rata,
Malaysia (black). Measurements are presented with solid lines and come from
the Acid Deposition Monitoring Network in East Asia (EANET). Model re-
sults are presented with dashed lines for the ground-level horizontal gridbox
containing the latitude/longitude of each sampling site. Scatter-plots of the
compared data are shown in the right column.
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Figure 5.5Monthly surface concentration of SO2 and NO2 at Jakarta, Indonesia (red), Petal-
ing Jaya, Malaysia (purple), Tanah Rata, Malaysia (black), and Bukit Koto Tabang,
Indonesia (green) and monthly surface concentration of NH3 and HNO3 at Tanah
Rata (left column). Measurements are presented with solid lines and come from the
World Data Centre for Greenhouse Gases (WDCGG) for Jakarta and Bukit Koto
Tabang (the Indonesian sites) and from the Malaysian Meteorological Department
(MMD) for Petaling Jaya and Tanah Rata (the Malaysian sites). Model results are
presented with dashed lines for the ground-level horizontal gridbox containing the
latitude/longitude of each sampling site. On average, the samples at the Indonesian
sites were collected between 9:00 - 10:00, so the model results shown are an average
of the hourly values recorded at 7:00 and 13:00. The samples at the Malaysian sites
were collected on average at 20:00, so the model results shown are the hourly values
recorded at 19:00. Scatter-plots of the compared multi-city data are shown in the
right column.
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5.3.2 Acid deposition

The model results show that the volcanic [SOx V] deposition is strongest over Java, south-

ern Sumatra, and northeastern Sulawesi (Figure 5.6). The anthropogenic acid deposition

of [SOx A] and [HNO3]A covers most of Indonesia and is strongest over Java and the re-

gion of northeastern Sumatra and peninsular Malaysia. Adding together the annual sum of

the acid deposition over the modeling domain produces the values for deposition given in

Table 5.2. Approximately 11 % of S deposited is volcanic (Table 5.2), the same percent-

age as the SOx released in the region that is volcanic (Table 5.1). For the volcanic sulfur,

almost 87 % is wet deposited as [SO4
2- V], with most of the remainder dry deposited as

[SO2 V]. The anthropogenic sulfur is deposited in a different manner, with a much higher

percentage, approximately 34 %, dry deposited, mostly as [SO2 A]. The other 66 % is

mostly wet deposited as [SO4
2- A]. In neither case is the dry deposition of SO4

2- significant.

Anthropogenic [HNO3]A is almost 76 % wet deposited and lies intermediary between the

volcanic and anthropogenic S for how much is dry deposited.

Figure 5.6 Annual sum of acid deposition for 1999 of[SOx V], [SOx A], and[HNO3]A.
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Table 5.2 Acid deposition over Indonesia

Source % of Total % of
and Species Deposition Deposition Contributors

wd [SO4
2- V] 86.5

Volcanic S dd [SO4
2- V] 1.6

[SV] 56.781 11.6 dd [SO2 V] 11.9

wd [SO4
2- A] 65.8

Anthropogenic S dd [SO4
2- A] 1.7

[SA] 431.011 88.4 dd [SO2 A] 32.5

Anthropogenic HNO3 wd [HNO3]A 75.5
[HNO3]A 1066.172 — dd [HNO3]A 24.5

wd: wet deposition
dd: dry deposition

1Mg [S] / km2

2Mg [HNO3] / km2
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5.3.3 Direct radiative forcing of tropospheric aerosols

The modeled distribution of aerosol concentrations, shown here as the column concentra-

tions of [BC]R, [OC]R, [SO4
2- A], and [SO4

2- V] (left column Figure 5.7) is reflected in the

calculated direct radiative forcing for each aerosol type (right column Figure 5.7). The

forcing of the externally mixed anthropogenic aerosol [externally mixedA] is calculated

by adding together the forcings of the [BC]R, [OC]R, and [SO4
2- A]. BC is predominantly

absorbing and so its direct radiative forcing is positive. OC and SO4
2- are predominantly

scattering, so their forcing is negative. Comparing the [SO4
2- A] and the [SO4

2- V] reveals

that they are of the same order of magnitude, but that the [SO4
2- A] exerts its influence

over a greater area due to its greater atmospheric concentration. The annual mean forcing

of the [SO4
2- A] averaged over the modeling domain is -0.063 W/m2, with a maximum

of -0.83 W/m2, and of the [SO4
2- V] -0.012 W/m2, with a maximum of -0.25 W/m2 (Ta-

ble 5.3).

The [externally mixedA] is dominated by [OC]R, and hence negative over most of the

model domain, with an annual area mean value of -0.13 W/m2 (Table 5.3). Java emerges

as the most interesting region of the modeled domain (treated as the rectangular region

marked in the bottom right panel of Figure 5.7 with the dimensions of 8.5◦ S - 6◦ S,

105.5◦ E - 114.5◦ E). This is where [BC]R has its greatest influence on the [exter-

nally mixedA], moving it to positive forcing in the land part of the rectangular region.

An annual area mean value of -0.15 W/m2 is found for this region. Java is also where

the [SO4
2- V] has its greatest influence with an average over the island of -0.09 W/m2.

Averaged over the model domain, the greatest temporal variation of forcing occurs from

June-October (Figure 5.8), the dry South-Monsoon season in Indonesia (Pfeffer et al.,

2006a, Chapter 3). The strongest positive forcing of [BC]R and the strongest negative

forcing of [OC]R and [externally mixedA] is in September. There is much more temporal

variation seen in the forcing averaged over Java, where peaks can be seen as well in March

and May. In this region, the [SO4
2- A], [SO4

2- V], and [BC]R are important for driving the

[externally mixedA] except in the South-Monsoon season when the [OC]R dominates.
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Table 5.3 Annual mean column concentration, forcing, and forcing efficiency of aerosols

Area Column Concentration Forcing Forcing Efficiency
Aerosol type mean (mg/m2) (W/m2) (W/g (aerosol))

model domain (ocean + land) 0.041 -0.012 -293
model domain (land only) 0.048 -0.011 -229

Volcanic SO4
2- Java (ocean + land) 0.295 -0.093 -315

[SO4
2- V] Java (land only) 0.377 -0.120 -318

model domain (ocean + land) 0.192 -0.063 -328
model domain (land only) 0.306 -0.075 -245

Anthropogenic SO4
2- Java (ocean + land) 0.681 -0.221 -325

[SO4
2- A] Java (land only) 0.757 -0.231 -305

[OC]R model domain (ocean + land) 0.148 -0.104 -703

[BC]R model domain (ocean + land) 0.036 +0.040 1111

[externally mixedA] model domain (ocean + land) 0.376 -0.127 -338

Java: 8.5◦ S - 6◦ S, 105.5◦ E - 114.5◦ E.
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Column concentration

OC

SO4
2-A

SO4
2-V

Direct radiative forcing

mg/m2 W/m2

externally mixed A

BC

Figure 5.7 Annual mean column concentration of[BC]R, [OC]R, [SO4
2- A], and[SO4

2- V]

(left column) and direct radiative forcing of[BC]R, [OC]R, [SO4
2- A],

[externally mixedA], and[SO4
2- V] (right column). The rectangle in the forcing

of [SO4
2- V] delineates the region treated as Java.
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Area mean Direct Radiative Forcing over modeling domain
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Figure 5.8 Area mean monthly direct radiative forcing of[BC]R, [OC]R, [SO4
2- A],

[externally mixedA], and[SO4
2- V] over the modeling domain (upper panel)

and over Java (lower panel; 8.5◦ S - 6◦ S, 105.5◦ E - 114.5◦ E.)
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5.4 Discussion

Pfeffer et al. (2006a) (Chapter 3) have shown that wet deposition is the most important

removal mechanism for volcanic sulfur in Indonesia, and Siniarovina and Engardt (2005)

describe how earlier modeling studies have shown this to be true for sulfur in general

throughout Southeast Asia. It is therefore very important to correctly simulate rainfall.

The REMOTE and REMO models have been shown to overestimate rainfall in Indonesia

(Langmann and Heil, 2004; Graf and Yang, 2007). The overprediction of rainfall means

that the modeled concentrations of aerosol load in the atmosphere will be underestimated,

as will the modeled transport of the aerosols away from their source regions. Because

the overestimation of precipitation is less over land than over the ocean, these effects

will be less pronounced on land where acid deposition is a concern. The TRMM obser-

vations have been found to represent the annual rainfall cycle over Indonesia very well

(Chang et al., 2005). Compared with station rainfall data from years prior to the TRMM

data availability, Chang et al. (2005) find no consistent bias of the TRMM observations

towards too much or too little rainfall. In Siniarovina and Engardt (2005), the negative

effects on the terrestrial ecosystem by acid deposition is assessed using the critical load

limit of 0.4 g (S)/m2-yr (25 mEq/m2-yr) as recommended for southeast Asia by Cinderby

et al. (1998). We find that the volcanic [SOx V] does not exceed this value while the

anthropogenic [SOx A] exceeds it in the regions shown in red in Figure 5.9. In order to

see if the modeled values for the sulfur deposition are reasonable or overestimated due

to too much modeled precipitation, we have calculated the percentage difference in the

annual sum of precipitation between the model results and the TRMM observations (right

panel Figure 5.9). The rainfall is overestimated at the locations where the critical load

value is modeled to be exceeded, mostly with less than a 75 % difference, or less than an

approximate doubling.

In a study combining measured nitrate and sulfate concentrations in rain and SO2 and

NO gas mixing ratios with estimated dry deposition velocities, Gillett et al. (2000) found

that total acidic S and N deposition was greater than 250 mEq/m2-yr at Jakarta and about

23 mEq/m2-yr at Bukit Koto Tabang in 1996. Adding together the [S]R and [N]R (from
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[HNO3]R and [NOx]R) deposited in our reference simulation gives a modeled acid de-

position of 158.4 mEq/m2-yr at Jakarta and 37.5 mEq/m2-yr at Bukit Koto Tabang. Our

results indicate less acid deposition than Gillett et al. (2000) at the heavily polluted site

and slightly more at the remote site. Despite the overestimation of our modeled precip-

itation in the region affected by strong acid deposition, we conclude that our simulated

acid deposition is not strongly overpredicted, and the model results point us towards a

reliable estimation of the regions that may be threatened by the critical load exceedance.

The region modeled to be in excess of the critical value is very large and our model re-

sults demonstrate that acid deposition is not just a problem for the future, but is already a

danger to this region.

%

diff

Locations where the anthropogenic SOx

deposition is > 400 kg (S)/km2

Percentage difference of modeled precipitation 

and TRMM observations at these locations
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Figure 5.9 Locations where the anthropogenic SOx deposition is≥ the critical load value
of 400 kg(S)/km2-yr (left panel) and the percentage difference in precipitation
between the model results and TRMM observations at these locations (right
panel).

Arndt et al. (1997) participated in RAINS-ASIA, a project designed to study the effects

of sulfur deposition in Asia. They describe a modeling study of anthropogenic and non-

eruptive volcanic SO2 emissions on a 1◦ grid for 1987-1988. The atmospheric chemistry

model they employed uses only sulfur chemistry. They found that volcanic emissions

accounted for about 50 % of the total S deposition in Indonesia, as compared with our

calculated 11 %. Their modeling results indicated that in the year 1990, southeastern

Sumatra had S deposition above the 20 % critical load level, and in a projection to 2020,

much of eastern Sumatra, peninsular Malaysia, and parts of Java will exceed this level.

The 20 % critical load level indicates a sulfur deposition amount that protects 80 % of the

ecosystem from harm. Our model simulation found that these are the very regions that
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exceed the critical load values in the year 1999, earlier than indicated by their results. The

anthropogenic SOx emissions released in our study are from a newer inventory, for a later

year, both of which make the anthropogenic emissions greater than those released in this

earlier study. Our volcanic SOx emissions are also less than those in this earlier study,

leading to the results of the anthropogenic emissions strongly dominating acid deposition

in Indonesia.

Duncan et al. (2003) found that at the top of atmosphere (TOA) the net direct radiative

forcing of O3, BC, and OC was approximately zero over most of the tropics except di-

rectly above the disastrous fires from September-November 1997. Studying the same

time period, Davison et al. (2004) used many different assumptions than Duncan et al.

(2003), including a lower estimate for the amount of BC released by the fires and that the

aerosol was internally mixed, and found a much stronger negative forcing at the TOA. A

recent global study of direct radiative forcing utilizing satellite data, ground-based mea-

surements, and atmospheric chemistry modeling by Chung et al. (2005) found the annual

mean anthropogenic aerosol forcing at the TOA to be -1 – -2 W/m2 over Indonesia. The

simulations presented here, representing a normal year while focusing on Indonesia, indi-

cate that the direct radiative forcing of the anthropogenic aerosol over most of the region

is between -0.1 – -0.5, with a range of -3.8 (northeastern Sumatra) to +0.25 (vicinity of

Jakarta). Over the heavily polluted region around Jakarta, the direct radiative forcing of

the volcanic sulfate aerosol is working in an opposite direction to the total anthropogenic

aerosol. The total anthropogenic aerosol forcing as calculated by our simulations during

typical conditions is not significantly different compared with the results of Duncan et al.

(2003) during the extreme fires. Utilizing our high-resolution regional model, we are able

to see more details than in the global study of Chung et al. (2005), particularly the positive

forcing region around Jakarta. The direct radiative forcing of OC dominates the forcing

over most of the model domain (Figure 5.7), which is emitted by vegetation fires and not

included within most inventories of anthropogenic emissions. Our decision to include the

biomass burning emissions as an anthropogenic source significantly influences our results

for the direct radiative forcing of anthropogenic aerosol. The inclusion of fire emissions

may be important not only in Indonesia, but also in Europe (Marmer, 2006). A compar-

ison of our calculated direct radiative forcing with the values calculated by Graf et al.
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(1997) shows that the influence of volcanoes relative to anthropogenic emissions is less

than the global average of their study. We attribute our reduced relative importance of the

volcanic emissions to the higher anthropogenic emissions and lower volcanic emissions

included in our experiment, as in the discussion of acid deposition above.

The annual mean forcing efficiency (FE) of the anthropogenic sulfate is calculated to

be -328 W/g (sulfate) averaged over the modeling domain (Table 5.3). The FE of the

volcanic sulfate is found to be lower, with a value of -293 W/g (sulfate). Because the

precursor to sulfate, SO2, is released higher in the atmosphere for the volcanic emissions

than for the anthropogenic, we had expected the volcanic FE to be higher. We examined

why the anthropogenic FE is higher by focusing on the region of Java where both the

volcanic and anthropogenic emissions of SOx are strongest. Averaged over this domain,

we find the anthropogenic FE to be -325 W/g (sulfate), while the volcanic is still lower, at

-315 W/g (sulfate). Over surfaces with low albedo, such as the ocean, the negative forcing

efficiency is stronger than over land (Boucher and Anderson, 1995). In our simulation,

the anthropogenic [SO4
2- A] spreads over the ocean while the volcanic [SO4

2- V] tends to

remain on land (Figure 5.7). In order to test if the greater FE for the [SO4
2- A] is due

to this enhancement over the ocean, we have calculated the FE for land only over both

the modeling domain and over Java. Averaged over the model domain, both the volcanic

and anthropogenic SO4
2- have reduced FEs over land only. Over Java, the volcanic FE is

essentially equivalent for ocean + land and land only, and it is only over Java land only

where the volcanic FE is greater than the anthropogenic. Over Java ocean + land, the

anthropogenic sulfate has an enhancement in its FE due to its being transported over the

ocean compared with the volcanic sulfate which is more limited to land.

5.5 Conclusions

The role of volcanic emissions in Indonesia are found to be less significant relative to

anthropogenic emissions for acid deposition and direct radiative forcing compared with

earlier studies. This is a result of increased anthropogenic emissions in the year 1999

and reduced volcanic emissions based on a realistic emission scenario. Anthropogenic

emissions have been shown to produce significant levels of acid deposition over much
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of Indonesia and peninsular Malaysia. The direct radiative forcing of the anthropogenic

aerosol is dominated by emissions of OC from biomass burning. This source of pollution

is significant in Indonesia even under normal, non-drought conditions. Including biomass

burning emissions changes the calculated direct radiative forcing of the anthropogenic

emissions dramatically.
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Chapter 6

Conclusions and Outlook

The objective of this dissertation was to to study air pollution in Indonesia, with an empha-

sis on the role of volcanoes, by applying a regional atmospheric chemistry and climate

model. The REMOTE model has been used to simulate the meteorological conditions

and pollution transport and deposition in Indonesia. The major improvement of this work

over earlier studies is the inclusion of updated, improved emission inventories for anthro-

pogenic, biomass burning, and volcanic emissions. The volcanic emission inventories

included in the three studies of this dissertation were developed within the framework of

my doctoral work (Chapter 2). Additional advantages of the modeling approach utilized

here are the relatively high resolution utilized and the use of full on-line tropospheric

chemistry.

6.1 Conclusions

The first study of this dissertation focused on the relative transport and deposition patterns

of two volcanic compounds: SO2 and PbCl2 (Chapter 3). The annual mean SO2 loss rate

for the Indonesian volcanoes was calculated to have an e-folding rate of approximately

1 day. The SO2 loss rate was found to vary seasonally, be poorly correlated with wind

speed, and to be uncorrelated with temperature or relative humidity. It was found that

it is much more difficult to establish a “typical” SO2 loss rate for volcanoes that are ex-

posed to changeable, rather than consistent, winds. The solubility of volcanic emissions

in water was shown to influence their atmospheric transport and deposition. High concen-

trations of PbCl2 (treated within the study as a representative of highly-soluble volcanic

compounds) were predicted to be deposited near to the volcanoes while volcanic S trav-

els further away until removal from the atmosphere primarily via the wet deposition of

SO4
2-. The results of this study indicate that the common practice of assuming that the
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ratio between the concentrations of highly soluble volcanic compounds and SO2 within a

plume is constant with that observed in fumarolic gases is reasonable at small distances

from the volcanic vent. This assumption will, however, result in an underestimation of

the emission flux of highly soluble species.

The second study focused on gaseous air pollution during the catastrophic Indonesian

wildfire of 1997 (Chapter 4). It was found that during the extremely polluted conditions

present during the wildfire, the Indonesian volcanoes contributed little to the surface pol-

lution. Anthropogenic emissions from major cities in the region, however, were found to

increase the atmospheric concentration of O3, CO, NO2, and SO2 above the levels gen-

erated by the fires alone. This urban air pollution increased the number of days and the

distance from the fires where O3 exceeded the Indonesian hourly air quality standards.

The increased concentration of O3 due to the anthropogenic emissions was found to en-

hance the conversion of SO2 released by the fires to SO4
2-. This demonstrates that the urban

pollution actively altered the atmospheric behavior and lifetime of the fire emissions. The

results of this study suggest that reducing urban emissions during high-risk times for fire-

related pollution may keep harmful pollutants below the air-quality thresholds in densely

populated areas.

The third study examined the relative influences of volcanic and anthropogenic air pollu-

tion on acid deposition and direct radiative forcing in Indonesia in the meteorologically

normal year of 1999 (Chapter 5). In this study, biomass burning emissions were grouped

together with the other anthropogenic emissions and not treated separately as in Chapter 4.

Approximately 11 % of the sulfur acid deposition in Indonesia is found to be volcanic in

origin. The acid deposition of volcanic S is modeled to not exceed a critical load value

of 0.4 g(S)/m2-yr. Anthropogenic S is deposited above this threshold in Java, northeast-

ern Sumatra, and peninsular Malaysia. The modeled distribution of SO4
2-, organic carbon

(OC), and black carbon (BC) were used as input to an off-line radiation transfer model to

calculate their direct shortwave radiative forcing. The forcing of the anthropogenic and

volcanic SO4
2- aerosol are of the same order of magnitude, with the anthropogenic exerting

its influence over a greater area due to its greater atmospheric burden. Averaged over the

model domain, anthropogenic sulfate has an annual mean forcing of -0.063 W/m2, with a
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maximum of -0.83 W/m2, and volcanic sulfate has a value of -0.012 W/m2, with a maxi-

mum of -0.25 W/m2. The forcing efficiency of the anthropogenic SO4
2- is calculated to be

greater than for volcanic, with annual mean values of -328 W/g(SO4
2-) and -292 W/g(SO4

2-)

respectively. Over Java, this is found to be due to the enhancement of negative forcing

efficiency over the ocean, as the anthropogenic sulfate is transported over the ocean while

the volcanic tends to remain on land. The total forcing of the anthropogenic aerosol was

calculated assuming an external mixture of SO4
2-, BC, and OC. The externally mixed an-

thropogenic aerosol is dominated by OC released by biomass burning, particularly during

the dry season of June-October. The forcing of the total anthropogenic aerosol is negative

over most of the model domain, with an annual area mean value of -0.13 W/m2. The

inclusion of biomass burning as an anthropogenic emission source in our study changes

the results for the calculated direct radiative forcing dramatically. Over Java, BC domi-

nates the mixed anthropogenic aerosol, moving the radiative forcing to positive over land,

where the volcanic forcing is the strongest. This means that the volcanic and anthro-

pogenic forcing are pushing in opposite directions in this heavily polluted region. The

influence of volcanic emissions relative to anthropogenic emissions on acid deposition

and on direct radiative forcing is found to be lower in this study than in previous studies.

This is attributed to an increase in anthropogenic emissions due to updated inventories

and the inclusion of biomass burning as an anthropogenic source and to a reduction in

volcanic emissions due to the realistic volcanic inventory.

6.2 Outlook

The largest uncertainty in assessing the role of volcanic emissions in the environment

is accurately estimating emission flux rates and release heights. The realistic emission

inventory established for this dissertation represents the best estimate possible with the

currently available measurements. Indonesia has an immense number of active volcanoes

that are constantly changing the Indonesian landscape, air, and water with very few obser-

vations of the volcanoes’ emissions. Because a single measurement is only a snapshot of

the conditions at one time, a series of measurements should be made in order to establish

an envelope of the maximum and minimum emission flux rates and to provide an indica-

tion of the variability of the fumarolic gas compositions. In order to address the paucity
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of volcanic emission data globally, the Network for Observation of Volcanic and Atmo-

spheric Change (NOVAC) project began in 2005. This project will establish a network

for measurements of the emissions of gases, in particular SO2 and BrO, and aerosols by

volcanoes, and will use the data from this network for risk assessment and volcanological

research. As satellites are able to observe ever weaker emission plumes, and retrieval

algorithms more consistently calculate the amount of a given compound present in the

atmosphere, these observations can be used to develop a more reasonable volcanic emis-

sion inventory than any created until now. For model simulations of modern years, these

emission scenarios could be established on yearly, or even monthly, timescales.

The emissions and effects of human activity and biomass burning are also largely uncer-

tain. The lifetime of aerosols is very short, leading to huge temporal and spatial hetero-

geneities. The uncertainties of the role of aerosols can be studied with climate models

which are limited by knowledge of the aerosol amount, aerosol properties, and aerosol

interactions (Dentener et al., 2006). Treating aerosols within models as an interaction

of species of differing mixing states, sizes, and compositions can provide a more realis-

tic picture of the interactions between, and effects of, aerosols in the environment (Stier

et al., 2005). Advances in the study of atmospheric aerosols can benefit from higher tem-

poral resolution of emissions and consistent emission databases that also include trace

gases that are involved in atmospheric chemistry (Dentener et al., 2006). Uncertainties

in biomass burning emission inventories derive from establishing available fuel load, area

burned, and burning efficiency data (Hoelzemann, 2006). Interpreting satellite data in

conjunction with field observations in order to establish reliable estimates of area burned

is an ongoing focus of research.

The transport and deposition of volcanic emissions differs from anthropogenic pollution,

and this is largely because of the altitude in the atmosphere where the emissions are

released. In the studies included within this dissertation, the volcanic emissions were

released at the height of the volcano: a proxy for passive degassing, and the urban and

biomass burning anthropogenic emissions were released at ground level. Eruptive vol-

canic emissions would have behaved even more differently from the anthropogenic emis-

sions had they been injected higher into the atmosphere. The height at which urban and

biomass burning emissions are released is also a source of uncertainty. In Indonesia, a



105

large proportion of the fire emissions come from the burning of peat areas (Heil et al.,

2006), so releasing the biomass burning emissions at ground level is justified. In other

regions of the world where the fires burn at a higher, flaming temperature, this may be

less reasonable and the fire emissions should be injected at a higher elevation (Hoelze-

mann, 2006). In this study the urban pollution was also released at ground level, whereas

in studies of Europe the anthropogenic emissions are often distributed vertically between

several bottom model levels (e.g. Marmer and Langmann, 2005). This decision was made

because in Indonesia there are comparatively few industrial stacks to raise the pollution

above ground level. As Indonesia continues to grow economically and industrially, we

can expect this situation to change and a different vertical distribution of anthropogenic

emissions may be necessary for future studies.

With a modeling study, there are always limitations to what can be learned dependent

on the limits of the model. I think REMOTE was an appropriate tool for the studies

I conducted. The improvements that are currently being developed with the REMOTE

model, namely coupling the tracer extension to an updated version of the REMO model

and enabling it to run on parallel processors rather than serial (the PhD work of Claas

Teichmann at the Max Planck Institute for Meteorology, in prep. 2007), integrating the

size-resolving aerosol model M7 (Langmann, 2006), and integrating a convective cloud

field model (CCFM; Graf and Yang, 2007), are all advances that will improve future

studies conducted with the model. My studies focused on volcanic SO2 and SO4
2- with

some treatment of the minor compound PbCl2. Other volcanic compounds, including

HCl and HF are potentially important for acid deposition and other metals are ecologically

important. An expanded chemistry scheme that could consider more of the diversity of

volcanic emissions would be beneficial.

This dissertation focuses on Indonesia, a fascinating region with air pollution from indus-

trial and transportation sectors, seasonally set wildfires, and numerous volcanoes. Other

regions of the world also have a complex interaction between natural and anthropogenic

emissions that may be very different than this region with its rough topography, high

humidity, and strong rains. Other locations with potentially strong interactions between

urban and volcanic pollution include Mexico City, Mexico; Quito, Ecuador; and Naples,

Italy. Simulating the air pollution in these places would lead to more knowledge about
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the role of volcanoes in our modern world.

An interesting next step to the work presented here would be to use the nonhydrostatic,

nonsteady-state plume model ATHAM (Active Tracer High Resolution Atmospheric

Model) to simulate volcanic eruptions of varying strengths under different atmospheric

regimes. The height reached in the atmosphere by weak and strong volcanic eruptions

vary tremendously dependent on the latitude and season of the eruption (Halmer and

Schmincke, 2003). The ATHAM model could explore this systematically in order to

establish recommendations for injection heights for use in atmospheric chemistry and

climate modeling studies. The vertical profile of emission plumes as described by the

ATHAM model could be used as input for simulations with an advanced version of RE-

MOTE that includes both M7 and the CCFM. One intriguing field of research that could

be studied with this combination is the effect of volcanic aerosol particles on clouds,

which is until now unquantified.

In conclusion, the work here represents a step forward in our understanding of the inter-

actions between, and relative importance of, volcanic and anthropogenic air pollution in

Indonesia. I have demonstrated that realistic modeling of volcanic emissions can lead to

an improved understanding of the atmospheric processes occurring in the vicinity of active

volcanoes. My results suggest that reducing the levels of urban pollution during high-risk

times for fire-related pollution may help to prevent health and economic disturbances in

areas with high populations. My research also indicates that the role of volcanic emissions

in Indonesia is less significant relative to anthropogenic emissions for acid deposition and

direct radiative forcing than was suggested by earlier studies. Improvements of emission

scenarios and in model capabilities will enable us to continue making advances in our

knowledge about the important topic of air pollution.
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